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Referat: Ziel dieser Arbeit war die Entwicklung neuer Methoden in der
Rasterkraftmikroskopie, um die Qualität und Interpretierbarkeit von Oberflä-
chenabbildungen auf der Nanometerskala, vor allem jener sehr weicher Proben,
entscheidend zu verbessern. Der für polymere und biologische Materialien
standardmäßig verwendete intermittierende Kontaktmodus führt auf weichen
Oberflächen zu verfälschten Abbildungen der Topographie und der mechanischen
Eigenschaften. In dieser Arbeit wurden Techniken entwickelt, die einerseits
zerstörungsfreie, tiefenaufgelöste Rasterkraftmikroskopie und andererseits Ein-
zelmessungen mit variabler Dämpfung im intermittierenden Kontaktmodus er-
möglichen. Die laterale Auflösung beider Methoden liegt dabei im Rahmen
herkömmlicher Techniken (< 10 nm). Die Tiefenauflösung konnte im Vergleich
zu anderen Methoden um eine Größenordnung auf unter 1 nm verbessert werden.
Die neuen Methoden wurden auf einer breiten Palette polymerer Materialien
angewandt. Die räumliche Struktur oberflächennaher Bereiche eines Blockcopoly-
merfilms konnte im Vergleich zu herkömmlichen Methoden deutlich genauer
abgebildet werden. Gleiches wurde auf elastomerem Polypropylen erreicht. Es
konnten weiche, amorphe Deckschichten auf teilkristallinen Polymeren nachgewie-
sen und vermessen werden, was in der organischen Elektronik eine wichtige Rolle
spielen kann. Die innere Struktur selbstangeordneter Nanodrähte aus Oligothio-
phen-Aggregaten konnte aufgelöst werden und es wurde die Selbstanordnung
von Kollagenfibrillen im gequollenen Zustand beobachtet.
Schlagwörter: Nanotechnologie, Rasterkraftmikroskopie, Subsurface und
MUSIC-mode Rasterkraftmikroskopie, Tiefenprofile, Blockcopolymere, Poly-
merkristall, Kollagen, Nanodraht, funktionelle Polymere, supramolekulare Selb-
stanordnung, Oberflächeneigenschaften
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1 Introduction
Nowadays, the prefix “nano” is widely used in technology as well as in everyday
speech. It is also extensively used in the advertising industry to make a product
or technology sound more sophisticated, fancy, or up-to-date. In my opinion,
this was not exactly what Richard P. Feynman had in mind, when in 1959 he
described a new research field in his talk “There’s Plenty of Room at the Bottom
- An invitation to enter a new field of physics” [1].
The term “nano technology” was first used in 1974 by Norio Taniguchi who
explained it in the following way: “Nano technology mainly consists of the
processing of separation, consolidation, and deformation of materials by one
atom or one molecule.” [2]. This already leads to a very basic problem. Working
on the nanoscale (or below) first of all implies the ability to observe processes
on the nanometer length scale. As a result, the development of the scanning
tunneling microscope (STM) in 1981 by Gerd Binnig and Heinrich Rohrer [3–5]
was a huge leap for this young research field. Using the distance-dependency of
a tunneling current between a sharp tip and an electrically conductive specimen
enabled them to image a surface with atomic resolution in real-space. For this
achievement, Binnig and Rohrer were awarded the Nobel Price in physics in
1986. In the same year, Gerd Binnig, Calvin Quate, and Christoph Gerber
(who was also involved in the STM development) already presented their new
instrument, the atomic force microscope (AFM) [6]. The AFM, also a member
of the scanning probe microscopy family, was in particular an advancement for
imaging biological and polymeric samples, because it is not limited to conductive
samples. Today, atomic force microscopy and other scanning probe techniques
are essential tools for the progress in nano technology, materials science, as well
as life sciences [7].
In this thesis, new modes of operation for atomic force microscopy are presented
that enable for a better understanding and interpretation of AFM images. On
soft surfaces, such as polymeric and biological specimens, the commonly used
intermittent-contact mode suffers from several issues. The resulting images of
the topography and the mechanical properties of the surface are disturbed by the
indentation of the AFM tip into the specimen. Furthermore, the results strongly
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depend on the chosen damping of the oscillating tip during imaging. In the
following, after a more detailed introduction to atomic force microscopy, two new
modes of operation are presented. First, with subsurface AFM the tip indentation
is used to image non-destructively the mechanical properties of the near surface
region. This technique allows reconstructing two and three-dimensional depth
profiles with a depth resolution of less than 1 nm. This is demonstrated on
a well known block copolymer system as a proof of concept (Chapter 2 and
4). Furthermore, the three dimensional structure of semicrystalline elastomeric
polypropylene is measured with an at least one order of magnitude higher
depth resolution compared to common techniques (Chapter 2). As a third
application, the changes of the thickness of the amorphous surface layers at
surfaces of thin films of polythiophene are measured, which is important in the
context of contacting organic electronic devices (Chapter 3). A further new
mode of operation is presented in Chapter 5. Multi-setpoint intermittent-contact
mode atomic force microscopy (MUSIC-mode AFM) constitutes intermittent-
contact mode with variable damping of the AFM tip and therefore enables for
a better interpretation of the images. From MUSIC-mode measurements the
inner structure of fragile supramolecular aggregates is clarified (Chapter 5) and
the problems of imaging with intermittent-contact mode AFM swollen collagen
samples are overcome (Chapter 6). All of the mentioned samples are known to
exhibit misleading results using common AFM techniques and vitally benefit
from the application of subsurface and MUSIC-mode AFM.
1.1 Atomic Force Microscopy
In the first publication concerning the new atomic force microscopy technique [6],
the AFM was not much more than a force-profilometer. Interaction forces
between a diamond tip and a ceramic (Al2O3) surface were plotted in a diagram
as function of the linewise lateral position of the AFM tip. Up to this day,
a continuous development in the AFM community yielded several modes of
operation and the ability to measure not only the shape of the sample surface,
but also mechanical, electronic, chemical and magnetic properties [8,9]. A recent
work that shows the capabilities of today’s AFM technique was published in
12
1.1 Atomic Force Microscopy
2009 by Gross et al. [10]. They were actually able to map the chemical structure
of pentacene in real-space using an AFM setup (Fig. 1.1).
Figure 1.1 | Structural model of a pentacene molecule (A). Imaging of
pentacene on Cu(111) using STM in constant current (B) and AFM in constant
height mode (C,D). (From Reference [10]. Reprinted with permission from
AAAS.©2009 American Association for the Advancement of Science)
Besides modifications for special modes of operation, all AFMs in principle
share the same basic layout (Fig. 1.2). A sharp tip is mounted on a cantilever.
Forces between the tip and the sample lead to a displacement of the cantilever,
which can be determined by a laser system. The laser is focused on the backside of
the cantilever and reflected to a four segment photo diode. From the differential
signal of the intensities of the upper and lower segments (Dv = (Ia+Ib)−(Ic+Id))
the vertical deflection can be measured. By using the difference of the intensities
of the left and right segments (Dh = (Ia+Ic)−(Ib+Id)), the horizontal deflection
can be obtained.
Another component of the AFM is the x-y-z piezo element, also called the
scanner. It is used to move the tip (tip-scanning AFM) or the sample (sample-
scanning AFM) in three dimensions. For dynamic modes of operation, another
piezo element is placed in the cantilever holder. This piezo element enables
imaging modes based on an oscillating tip. The AFM’s key component is a
controller which includes parts like lock-in amplifiers to implement different kinds
of feedback mechanisms. In modern AFMs, the controller became more flexible
due to the use of programmable FPGA systems (Field Programmable Gate
13
1 Introduction
Figure 1.2 | Schematic setup of an atomic force microscope. The detailed
setup of the piezo elements and the controller depends on the type of instrument
and the desired mode of operation.
Array) instead of “bare metal” electronics (ASIC, Application-Specific Integrated
Circuit). A connected personal computer (PC) is used for data visualization and
the interaction between the operator and the instrument.
The resolution of the AFM is mainly limited by the radius of the tip and can
reach down to a few nm with standard tips for imaging in air or liquids. In ultra
high vacuum and non-contact operation modes, atomic resolution is possible as
seen for example in Fig. 1.1. Recently, sub-molecular resolution AFM has also
been achieved in liquid environment [11, 12]. Other limitations are given by the
capabilities of the AFM controller and the accuracy of the piezo scanner system.
1.1.1 Modes of Operation
By now, a whole world of AFM operation modes has emerged, strikingly summa-
rized in an illustration by Christoph Gerber (Fig. 1.3) [7]. To explain, or even
mention them all, goes far beyond the scope of this introduction. A compre-
hensive review on a wide range of AFM modes, with focus on imaging of soft
matter, is given in Reference [9]. In this introduction, only selected modes will
be explained in the following. Furthermore, the intermittent-contact mode will
be explained in detail, due to its relevance concerning this thesis.
14
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Figure 1.3 | Illustration of the diverse AFM operation modes that have
emerged since the invention of the STM. (From Reference [7]. Reprinted with
permission from Macmillan Publishers Ltd. ©2006 Macmillan Publishers Ltd)
Contact Mode
The most simple mode of operation is the contact mode. The tip-sample distance
is reduced until the tip is in direct contact with the sample. This leads to a
displacement of the cantilever. Now the tip is linewise scanned across the sample
and the topography can be determined as the vertical deflection of the cantilever
(Dv). This approach is called “constant height mode”. Alternatively, a feedback
loop can be applied that keeps the vertical deflection constant by adjusting
the tip height (“constant force mode”). The topography is then given by the
readjustment signal of the z-piezo. Both, the constant height and the constant
force mode, are common methods for imaging stiff surfaces. On soft specimens,
like polymeric or biological systems, the applied shear forces can lead to damages
or distortions of the sample surfaces. In liquids, however, the applied forces are
significantly lower due to the reduced capillary effects [9]. Therefore, contact
mode AFM is a standard tool for imaging for example cells in buffer solutions.
A more quantitative, but also static approach is the force spectroscopy mode.
The tip is not moved in the x-y-plane but the tip-sample distance is reduced,
15
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while the vertical deflection is recorded. The relation between the cantilever
displacement Dv and the applied force F via the cantilever’s force constant
k (F = k · Dv), leads to a force-distance curve. From this relation, adhesive
properties as well as the elastic modulus of the surface can be obtained [13].
AFM-based force spectroscopy can also be used for measuring binding forces
in individual macromolecules [14, 15]. Force spectroscopy was also further
extended to map qualitatively and quantitatively as well as depth resolved the
mechanical properties of surfaces. Two of these approaches are the force-volume
mode [16–18] and stiffness tomography [19]. Recently, new AFM modes emerged
that integrate force-distance mapping into dynamic AFM measurements. These
“pulsed force” [20] and “peak-force QNM” [21] modes require fast AFM controller
hardware.
Non-Contact Mode
A member of the dynamic AFM modes is the “non-contact mode”, also called
“frequency modulation AFM (FM-AFM)”. Like the term already indicates, the
tip itself is not in contact with the surface. The specimen is therefore not
affected by forces that may damage the surface as in contact mode. In contrast
to the static modes of operation, the cantilever is excited to an oscillation at
or near its resonance frequency by an external force (dynamic mode [22]). The
frequency of the oscillation is used as the feedback signal to obtain topographical
information about the surface. In this mode, used in ultra high vacuum, true
atomic resolution is possible [10, 23]. An example is shown in Fig. 1.1.
Intermittent-Contact Mode
The intermittent-contact mode is also a member of the dynamic modes of
operation [22]. It is typically called “tapping mode (TM-AFM)”, “amplitude
modulation mode (AM-AFM)”, or “AC mode”. This mode is explained in detail
in the following section.
3D imaging with AFM
Atomic force microscopy has also been extended to the third dimension. In
nanotomography [24], successively AFM imaging and ablation of the sample
16
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surface results in a stack of curved AFM images. This stack can be used to
reconstruct a three dimensional image of the etched specimen. With this method,
the lateral resolution depends on the used tip and mode of operation of AFM
imaging (in intermittent-contact mode < 10 nm), whereas the resolution in the
z-direction is determined by the etching rate of each step (typically 5-10 nm).
Another method for sensing objects beneath the sample surface is the AFM-
based near-field ultrasound holography [25]. The sample is excited by a piezo
element and ultrasonic waves are propagating through the sample. The phase and
amplitude of the scattered specimen ultrasound wave, reflected in perturbation to
the surface acoustic standing wave, are detected using the AFM tip. In contrast
to nanotomography, this method is non-destructive, but until now only solid
particles in a polymeric matrix can be detected but not ascribed to a certain
depth.
These AFM-based approaches are complemented by several tomography tech-
niques on the nanoscale. A review about nanoscale tomography methods is
given in Reference [26]. For example, with electron tomography (also TEM
tomography) [27] it is possible to obtain volume images of thin polymer films [28]
and ultrathin sections of biological specimens. However, for this procedure a
staining of polymeric samples is often necessary in order to provide contrast in
transmission electron microscopy. Furthermore, due to the limited geometry of
the measurement setup, it is very difficult to obtain a high local resolution in all
three dimension in the volume images which are reconstructed from scattering
data. Another example for a widely used volume imaging method, which is not
based on AFM, is the focused ion beam (FIB) tomography. Here, the sample is
milled with a focused ion beam and imaged layer by layer by either capturing
the secondary electrons or by a microscopy technique like scanning electron
microscopy. FIB tomography offers a resolution in the nanometer range in
real-space, but requires ablation of the sample and thus is not non-destructive.
It has for example been used for analyzing semiconductor devices [29].
A new real-space AFM-based approach (“subsurface AFM”) is presented in
this thesis (Chapter 2). It is non-destructive, offers a depth resolution of below
1 nm, and does not require staining of polymeric samples.
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1.2 Intermittent-Contact Mode Atomic Force
Microscopy
For polymeric and biological samples, the intermittent-contact mode (IC-mode)
[30,31] has become the standard mode for AFM imaging in air. Like FM-AFM,
IC-mode AFM is a dynamic mode [22]. The tip is also excited by an external
force to oscillate at or near its resonance frequency. In contrast to FM-AFM,
the amplitude of the oscillation is used for the feedback mechanism (amplitude
modulation). The tip is touching the surface at the lower inflection point of each
oscillation cycle. This leads to a damping of the amplitude. By adjusting the
tip height, the feedback loop keeps the damped amplitude A constant. From
the readjustment of the tip height, the topographic image of the sample surface
can be obtained. Furthermore, the phase difference between the oscillation of
the external exciting force and the oscillation of the cantilever is measured by a
lock-in amplifier. This phase shift is a measure for the mechanical properties
of the sample. The ratio between the damped amplitude A and the amplitude
of the free oscillation A0 is called amplitude setpoint (discussed in detail in the
following). The results of atomic force microscopy in IC-mode often depend on
the chosen amplitude setpoint [31–34]. Furthermore, due to the indentation of
the tip into the sample surface and the delay of the feedback loop, a cross-talk
between height and phase images is often observed [32,34]. The sensitivity of
the phase signal and therefore the material contrast is also limited. The phase
sensitivity increases with a higher quality factor Q of the oscillating system.
Unfortunately, after a perturbation of the system (for example a new position in
AFM imaging), the oscillation amplitude needs a time constant τ/2 (transient
decay) to reach the steady state value for the new characteristic parameters of the
oscillating system. The time constant τ/2 is given by τ/2 = Q/ω0, where ω0 is
the resonance frequency of the system. This leads to the fact that a system which
is very sensitive to acting forces (very high Q-factor), cannot be operated in
intermittent-contact mode. The amplitude A, as the feedback parameter, reacts
too slow (τ in the range of seconds) to the new damping of the oscillating system,
caused by different interaction forces [22]. This limits the possible imaging speed
even in case of an infinitely fast feedback loop. Very sensitive systems (high Q
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in vacuum), which are needed for operating in the purely attractive force regime,
are therefore used in frequency modulation mode.
In IC-mode AFM with sufficiently large amplitude, strong repulsive forces
occur due to the contact time in each oscillation cycle of the tip and there is
no need for a very sensitive system. Nonetheless, the tip is in contact with the
surface only for a very short fraction of time, which significantly reduces the shear
forces acting on the sample caused by the linewise scanning of the tip. This makes
IC-mode AFM suitable for imaging the shape and material properties of very
soft and even liquid surfaces. On the other hand, the simultaneous presence of
attractive and repulsive forces makes the dynamics of the cantilever motion very
complex and for example leads to the coexistence of different stable oscillation
states [22], or even chaotic movement [35]. It also hinders a straightforward and
quantitative interpretation of IC-mode AFM phase images.
This paragraph explained the basic advantages and challenges of IC-mode
AFM, but I suggest Reference [22] for an in-detail review of dynamic AFM
modes. In this thesis, two new AFM modes similar to IC-mode are presented
that address the aforementioned disadvantages and turn them into an advantage.
1.2.1 Amplitude Setpoint1
The amplitude setpoint is the key parameter when measuring in intermittent-
contact mode. It represents the ratio between the damped amplitude A, which
is held constant by the active feedback loop, and the free amplitude A0. The
latter equals the amplitude of the free oscillating system in absence of tip-sample
interactions. The lower the amplitude setpoint is set, the “harder” the tip taps on
the surface, leading to stronger forces acting on the sample. On soft materials, the
results of IC-mode AFM often depend on the chosen amplitude setpoint [32–34].
However, the actual determination of the setpoint is not trivial. This is mainly
caused by the unknown true free amplitude A0. Often, the value for A0 from the
cantilever tuning procedure, which is done up to a few µm above the surface,
is used for calculating the setpoint ratio. Unfortunately, the free amplitude
1This section has been published as supporting information to “Multi-Set Point Intermittent
Contact (MUSIC) Mode Atomic Force Microscopy of Oligothiophene Fibrils” by E.-C.
Spitzner, C. Riesch, R. Szilluweit, L. Tian, H. Frauenrath and R. Magerle in ACS Macro
Letters 1, 380 (2012). ©2012 American Chemical Society
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Figure 1.4 | Amplitude of the cantilever measured as function of tip-sample
distance over a range of 5 µm. (From supporting information to Reference [36]
©2012 American Chemical Society)
decreases significantly when approaching the sample surface. To demonstrate this
effect, we measured the oscillation amplitude A as a function of the tip-sample
distance d for a length of 5 µm on cleaned silicon with a standard silicon IC-mode
cantilever (Pointprobe® NCH, NanoWorld AG, Neuchâtel, Switzerland). Fig. 1.4
shows that the free amplitude decreases about 15% while approaching the surface.
One explanation is the stronger damping of the medium around the cantilever
close to the surface, compared to the damping a few µm above the substrate [37].
Another possible reason for this effect is the way the cantilever is excited to
oscillate in the atomic force microscope. For some instruments (including the
JPK Nanowizard I), the tip excitation depends on the elongation of the z-piezo.
As a result, these effects lead to an erroneous amplitude setpoint A/A0, if the
free amplitude from the tuning process is used to calculate the setpoint.
An alternative method for determining the free amplitude A0 right before
the onset of the tip-sample interaction is to increase the setpoint during the
IC-mode AFM imaging until the contact between the tip and the sample is
lost, and to set the corresponding A as A0. This amplitude, however, is the
maximum amplitude Amax, which is not necessarily equal to A0 (Fig. 1.5). In
most cases, the difference is significant due to attractive tip-sample interactions,
which increases the amplitude over a small range of the tip-sample distance. The
strength of this effect depends on the tip used, the sample, and the chosen free
20
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Figure 1.5 | Schematic of the amplitude as function of the tip-sample distance.
(From supporting information to Reference [36]©2012 American Chemical
Society)
amplitude. The non-linear tip-sample dynamics, which can result in different tip
oscillation modes [22], additionally complicate the determination of A0.
1.2.2 Amplitude-Phase-Distance Measurements
A more quantitative approach for the understanding of IC-mode AFM is to
measure amplitude-phase-distance (APD) curves [38–41]. This can be considered
as the dynamic counterpart to the static force-distance measurements. The
tip-sample distance is reduced without moving the tip in the x-y-plane, but the
tip is oscillating at or near its resonance frequency like in dynamic AFM modes.
The amplitude A and the phase shift ϕ are recorded as function of the tip-sample
distance d. From this data, a more detailed picture of the imaging parameters
can be drawn. Fig. 1.6 shows a typical APD curve. The x-axis corresponds to
the mean tip-sample distance d.
The red curve in Fig. 1.6 displays the measured amplitude A(d). For large
tip-sample distances it is given by the amplitude of the free oscillation A0.
The d-dependence of the amplitude for large distances mentioned earlier can
be neglected, if the d-range of the APD curve is only ≈ 100 nm. During the
approach, at a characteristic distance d0, the amplitude starts to increase, caused
by the onset of the long-range attractive interaction forces. Approaching further,
short-range repulsive forces emerge and damp the amplitude. An important
point in the APD curve is the distance, where the attractive interactions are
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Figure 1.6 | Schematic of a typical plot of amplitude A and phase ϕ as
function of the mean tip-sample distance d. The free amplitude A0 is usually
15-150 nm and the values of the phase depends on the phase convention.
Depending on this convention, the phase of the free oscillation (at ω0) is 90,
0, or -90 degree. In some conventions the phase is further inverted.
equal to the repulsive forces, resulting in an amplitude A equal to A0. This
also divides the tip-sample interaction range in an attractive regime, where the
attractive forces are predominant, and a repulsive regime, where the repulsive
forces are larger than the attractive interactions. From this distance on, with
decreasing height of the tip, the amplitude is mechanically damped down to the
chosen minimum amplitude.
In Fig. 1.6, the phase signal is drawn in blue. For larges distances d, ϕ equals
-90 degrees in case of measuring at the resonance frequency ω0. In the literature,
different phase convention can be found with the free phase shifted to a value of
90 degrees or to 0 degree (0 degree is common for most AFM software interfaces,
also inverted phase values can be found in the literature). Approaching further,
at d0 the phase reacts to the onset of attractive tip-sample interaction and
decreases below -90 degrees. With the further onset of repulsive forces, the phase
reaches a minimum value and starts increasing again, also exhibiting the same
value ϕfree as for the free oscillation at the same point, where A equals A0 again
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(sometimes, the amplitude is already damped in the attractive regime, but the
attractive regime is always visible in the phase signal). As the amplitude is more
and more damped at smaller distances d, the phase increases in a way which is
characteristic for the present material (“material contrast”).
The green lines in Fig. 1.6 correspond to the working point during imaging
in IC-mode at a certain amplitude setpoint A/A0. The feedback loop keeps the
damped amplitude A constant and reports d(A/A0), which is used to reconstruct
the height image, and the phase ϕ(A/A0), which delivers the material contrast.
The sketch also suggests that APD data already contains the information for
all IC-mode working points down to an amplitude setpoint of Amin/A0. We will
take advantage of that in the MUSIC-mode AFM approach, presented in this
thesis (Chapter 5).
True Surface and Tip Indentation
In the early days of AFM, the instrument was mainly used to image stiff surfaces.
In this context, the effect of the tip penetrating the sample surface did not play
an important role. In the last decades, however, the AFM became a standard
tool for surface analysis of soft matter. In this case, the indentation of the stiff
tip, for example made of silicon, into a soft surface is no longer negligible. With
the help of APD curves, Höper et al. presented a method to determine the
tip indentation [42]. From the point of first contact of the tip and the sample
[Fig. 1.6(1)], the damping of the amplitude on the measured surface is compared
to the damping on an infinitely stiff surface. In this case, the amplitude is
represented by a curve with a slope of one. For a certain damped amplitude
A, the indentation z˜ is then given as the difference in the distance d, or the
difference of A in both cases (see Fig. 1.6). Due to the slope of one in the
damping of the amplitude on the hypothetical infinitely stiff surface, this leads
to the same result.
As an example for the indentation values on a soft polymer film, Figure 1.7
shows the indentation of the tip into the surface on a polystyrene-block -polybuta-
diene-block -polystyrene (SBS) film [34]. The top layer of the surface consists of
soft polybutadiene (PB). At a moderate amplitude setpoint of A/A0 = 0.65 the
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Figure 1.7 | Tip indentation as function of the amplitude setpoint (A/A0 =
0.995, 0.990, 0.95, 0.90, 0.85, 0.80, 0.75, 0.70, and 0.65) and the lateral position
on a thin block copolymer film. For lower amplitude setpoints, the indentation
is larger on the soft polybutadiene domains and smaller on positions with the
glassy polystyrene microdomains beneath a ≈10 nm thick polybutadiene layer.
(Adapted with permission from Reference [34]. ©2001 American Chemical
Society)
tip indents up to 18 nm into the surface at positions where no glassy polystyrene
(PS) microdomains are present beneath the PB top layer.
The phenomenon of tip indentation is used in this thesis for the new subsurface
imaging AFM mode. For this purpose, the indentation is used as the depth
coordinate as explained in detail in Chapters 2, 3, and 4.
The point where the tip first touches the surface is under discussion. This
important question (“Where is the true sample surface? ”) was in detail discussed
by Knoll et al. in Reference [34]. In principle, there are only three points in an
APD curve that can be reliably detected automatically. The Point 1 (Fig. 1.6) is
the onset of the attractive interaction, Point 2 is the maximum amplitude (and
minimum phase), and 3 is the point, where attractive and repulsive equal each
other again. At Points 2 and 3, repulsive forces are acting against the adhesion,
so a finite tip indentation is already present. On the other hand, Point 1 only
represents the onset of attractive interaction, which not necessarily implies a
contact between the tip and the surface. The “real” surface, the distance where
the tip is first touching the sample, can be considered to be between Points 1 and
2, close to 1. Due to this, in the literature [34,42,43], and also in this thesis, Point
1 is considered to constitute the unperturbed sample surface. It represent the
point with the lowest error with respect to the “real” value and is usually detected
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by the characteristic kink in the phase value, because the onset of the attractive
tip-sample interaction is often not visible in the amplitude. A consequence
of this method is a small but finite error in the tip indentation, resulting in
a constant overestimation of the tip indentation. This is also the reason for
very small apparent indentations into surfaces which are known to exhibit a
nearly infinitely high stiffness, for instance silicon oxide covered silicon [34].
Furthermore, the error depends on the width ∆d of the “attractive” part of the
APD curve (between Points 1 and 3 in Fig. 1.6). For a small width, the error
can be neglected, but has to be taken into account for systems with a strong
attractive interaction between tip and sample, leading to a pronounced attractive
regime.
The position of the unperturbed sample surface is also used to translate the
measured AFM data into an APD curve. The raw data from the microscope is
recorded as function of the elongation of the z-piezo, or of an arbitrary height h.
This is converted into the tip-sample distance d by setting d to the value of the
free amplitude A0 at the position of the onset of the tip-sample interaction (d0).
Quantitative Image Analysis
In general, the phase image in dynamic AFM modes represents the material
properties of the measured surface. Unfortunately, it can not be straightforwardly
translated into a typical mechanical property like the Young’s modulus. The
origin of the phase signal is a mixture of conservative and dissipative tip-sample
interaction processes, which cannot be separated in IC-mode AFM. Based on
APD measurements, different approaches have been developed to address this
problem. Two of them are used in this thesis and shortly explained in the
following.
Cleveland et al. used APD curves to calculate the average power, dissipated
into the sample by viscous damping [38]. The basic principle is shown in
Equation 1.1.
Pin = P0 + Ptip (1.1)
Pin is the average power, which is provided to the cantilever by the external
excitation. In equilibrium, this equals the sum of P0 (the “background” dissipation
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in the surrounding medium) and Ptip (the power, actually dissipated in the sample
by the tip-sample interaction). From the recorded data in an APD curve, the
dissipated power and therefore the dissipative tip-sample interaction can be
calculated using equation 1.2.
Ptip =
1
2
· kA
2ω
Q
·
[
QAd sinϕ
A
− ω
ω0
]
(1.2)
In this equation, k is the cantilever’s force constant, Q is the quality factor, ω
the frequency, ω0 the resonance frequency, Ad is the amplitude of the excitation,
A is the amplitude of the cantilever’s oscillation, and ϕ is the the phase shift.
Garcia et al. modified this approach in a very interesting way [44, 45]. The
dissipative interaction is not expressed as an average dissipated power, but as
the actual dissipated energy per oscillation cycle Edis.
Edis = Eext − Emed = pikA
Q
(
A0 sinϕ− Aω
ω0
)
(1.3)
Eext is the energy provided by the external excitation and Emed is the energy
dissipated by the surrounding medium. By the analysis of the dissipated energy
Edis plotted as function of the amplitude setpoint A/A0, it turns out that
characteristic shapes of these curves can be attributed to different dissipation
mechanisms and material properties [43, 45,46].
This approach focuses on the analysis of the dissipative contribution of tip-
sample interaction. A related harmonic model has been used by Schröter et al.
to extract both, the conservative and the dissipative contribution from APD
data [47]. In principle, the approach considers the cantilever oscillation driven
by an external excitation under the influence of a further, time-dependent force.
This force FTS represents the interaction between tip and sample during an APD
measurement.
mz¨ + αz˙ + kz = F0 cos(ωt) + FTS(t) (1.4)
Solving this differential equation with the assumption of a harmonic, sinusoidal
motion of the cantilever leads to effective parameters keff = k + kTS and αeff =
α + αTS. k and α represent the force constant and the damping of the freely
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oscillating system, whereas kTS and αTS are the additional components due to
the tip-sample interaction. kTS is an expression for the conservative interaction
and αTS represents the dissipative contribution to the tip-sample interaction.
The effective parameters keff and αeff can be extracted from APD measurements:
keff
m
= ω2 + cos(ϕ)
F0/m
A
(1.5)
and
αeff
m
=
−sin(ϕ)F0/m
ωA
. (1.6)
A and ϕ are recorded, ω is known, F0/m can be obtained by fitting the cantilever’s
resonance curve, and the mass of the oscillating system m is accessible via the
relation m = k/ω0.
The approach by Cleveland et al. [38] and Garcia et al. [44, 45] as well as
the approach by Schröter et al. have been used in this thesis to get a more
quantitative insight into the phase contrast in subsurface and MUSIC-mode AFM.
Note that Schröter et al. [47] use a different phase convention than Cleveland et
al. [38] and Garcia et al. [44, 45].
1.3 Relaxation of Polymeric Surfaces
To measure APD curves on polymeric materials inherently applies a certain
amount of mechanical stress to the sample. In particular, when measuring APD
curves, two effects have to be considered. First of all, an imprint is caused by
the tip penetrating the surface, and secondly, the material in this imprint is
compressed. These effects can be inelastic, resulting in a plastic, permanent
deformation of the sample surface [48]. Also the relaxation of imprints has to
be taken into account. For instance, Hinz et al. [49] used AFM imprints to
determine the mechanical properties of a thin polymethylmethacrylate (PMMA)
film in the range of the glass transition temperature. Another example is the
work by Knoll et al. [50] who investigated the relaxation of imprints caused by an
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AFM tip in the context of the millipede project [51], a data storage application
which is based on imprints in thin polymer films.
In this thesis, all specimens imaged with subsurface and MUSIC-mode AFM
were checked for plastic deformations. This was done by comparing IC-mode
AFM images that were obtained before and after one APD measurements. Only
results are presented which were obtained in a non-destructive manner by limiting
Amin. The imprint caused by the APD measurement is considered to fully relax
until the next APD curve is measured in the direct vicinity.
Note that the term nano-indentation [52,53] is in the first place used in the
literature to describe stiffness measurements on metal and ceramic surfaces using
an indenter much larger than a typical AFM tip and forces which are orders of
magnitudes higher than the forces during AFM measurements.
1.4 Goal of this Thesis
The goal of this thesis was to develop and demonstrate new atomic force mi-
croscopy methods, based on the pointwise measurement of amplitude and phase
of an oscillating AFM cantilever as the tip-sample distance is reduced.
In Chapter 2, the “subsurface AFM imaging” mode is presented. Here, soft
polymeric samples are imaged depth-resolved without damaging the sample.
Results for thin films of the block copolymer polystyrene-block -polybutadiene
and elastomeric polypropylene are shown. These materials have already been
imaged in 3D with AFM-based nanotomography [24, 54–57]. In comparison, the
new approach focuses on the subsurface structure and offers a by one order of
magnitude better resolution in the z-direction and does not cause damage of the
sample.
In Chapter 3, the subsurface AFM technique is presented on polymeric com-
pounds of solar cells to identify and measure compliant surface layers. These
surface layers often cannot be resolved using common AFM techniques but may
play a crucial role for device properties in organic electronics.
Chapter 4 delivers a more detailed investigation of the subsurface AFM mode
by for example discussing thermal drift effects in detail. As a result, a 3D image
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of the subsurface structure of a block copolymer is presented with unprecedented
resolution, discussed, and compared to computer simulation results.
In Chapter 5, the new MUSIC-mode AFM approach is presented. This mode
of operation solves one major dilemma in IC-mode AFM. By obtaining data for
almost all amplitude setpoints A/A0 from only one measurement, unperturbed
height images, as well as high contrast phase images are obtained from a single-
pass measurement. This is demonstrated for very fragile nanowires made from
aggregates of oligothiophene derivatives.
Another application of MUSIC-mode AFM is shown in Chapter 6. Collagen
fibrils are swollen in humid air and in-situ imaged with MUSIC-mode. This
is especially promising, because the collagen fibrils turned out to show their
characteristics in the shape at low humidity, but the material properties at high
humidity. Such a behavior is hardly detectable with common IC-mode AFM.
The presented methods benefit from earlier research on the tip indentation [34,
42], quantitative image analysis [38, 45, 47] and APD data analysis [43, 45, 47]
and merges this knowledge into two new powerful modes of operation. All this
is achieved using standard AFM equipment with no further modification.
1.5 Individual Contributions
The individual chapters of this thesis report research that was done in collabora-
tion with members of our and of external groups and has been published in part.
In the following, the corresponding authors are marked with an asterisk.
Chapter 2 This chapter has been published as “Subsurface Imaging of Soft
Polymeric Materials with Nanoscale Resolution” by Eike-Christian Spitz-
ner*, Christian Riesch, and Robert Magerle* in ACS Nano 5, 315 (2011).
The ePP sample was prepared by Martin Neumann. The SB sample was
prepared and all measurements were done by myself. The concept of
subsurface imaging was developed by me and Christian Riesch, who was
mainly involved in implementing the concept in MATLAB algorithms. The
data were discussed and interpreted by Robert Magerle, Christian Riesch
and me. The manuscript was drafted by Christian Riesch and me and I
have done most of the work for the final publication.
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Chapter 3 This chapter has been published as “Subsurface Mapping of Amor-
phous Surface Layers on Poly(3-hexylthiophene)” by Mario Zerson*, Eike-
Christian Spitzner, Christian Riesch, Ruth Lohwasser, Mukudan Thelakkat,
and Robert Magerle* in Macromolecules 44, 5874 (2011). The polymeric
samples were provided by Ruth Lohwasser and Mukudan Thelakkat. The
measurements were accomplished by Mario Zerson. He, Robert Magerle,
Christian Riesch and me were involved in the application of the subsurface
imaging concept to the specific polymeric system and in the discussion and
interpretation of the results. Mario Zerson drafted this publication.
Chapter 4 The measurements and data analysis was done by me. The computer
simulations were accomplished by Christian Riesch. Robert Magerle,
Christian Riesch and me were involved in the discussion and interpretation
of the results.
Chapter 5 This chapter has been published as “Multi-Set Point Intermittent
Contact (MUSIC) Mode Atomic Force Microscopy of Oligothiophene Fib-
rils” by Eike-Christian Spitzner*, Christian Riesch, Ruth Szilluweith,
Liangfei Tian, Holger Frauenrath, and Robert Magerle* in ACS Macro
Letters 1, 380 (2012). The oligothiophene material was provided by Ruth
Szilluweith, Liangfei Tian, and Holger Frauenrath. The sample was pre-
pared by Mario Zerson. The concept of MUSIC-mode AFM was developed
by me, the implementation in MATLAB was accomplished by Christian
Riesch. The paper was drafted by Christian Riesch and me and I did most
of the work for the final publication.
Chapter 6 The collagen samples were prepared by Andrea Süsselbeck. The
measurements were done by Stephanie Röper and me. Robert Magerle,
Stephanie Röper and me were involved in the interpretation of the results.
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2 Subsurface Imaging of Soft
Polymeric Materials with
Nanoscale Resolution1
2.1 Abstract
Non-destructive depth-resolved imaging of ≈ 20-nm-thick surface layers of soft
polymeric materials is demonstrated using amplitude modulation atomic force
microscopy (AM-AFM). From a map of amplitude-phase-distance curves, the tip
indentation into the specimen is determined. This serves as a depth coordinate
for reconstructing cross sections and volume images of the specimen’s mechanical
properties. Our method reveals subsurface structures which are not discernible
using conventional AM-AFM. Results for surfaces of a block copolymer and a
semi-crystalline polymer are presented.
2.2 Introduction
The chemical composition and mechanical properties of the near-surface region
of polymeric materials play a crucial role for understanding structure formation
phenomena such as surface segregation [58], wetting [59], and surface recon-
structions [60], as well as adhesion [61] and friction [62]. Amplitude modulation
atomic force microscopy (AM-AFM) [22,30], also known as tapping mode AFM,
is a versatile and widely used method for imaging polymeric surfaces as well as
other soft matter, including biological cells [8, 63]. In AM-AFM, a cantilever
with a sharp tip is excited to oscillate at (or near) its resonance frequency ω0 and
scanned along the surface of a specimen while keeping the oscillation amplitude
A constant by adjusting the tip height using a feedback loop. These height
1This chapter has been published as “Subsurface Imaging of Soft Polymeric Materials with
Nanoscale Resolution” by E.-C. Spitzner, C. Riesch, and R. Magerle in ACS Nano 5, 315
(2011). ©2010 American Chemical Society
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changes reflect the shape of the sample surface. The simultaneously detected
phase shift between the excitation signal and tip oscillation contains information
about the local mechanical properties of the specimen. Compared to atomic
force microscopy (AFM) in contact mode [6], AM-AFM minimizes the lateral
forces acting on the sample; however, the indentation of the tip into compliant
specimens cannot be neglected. For instance, on flat but mechanically heteroge-
neous surfaces, the AM-AFM feedback loop varies the height of the tip to keep
the amplitude A constant. Thus, the height images do not necessarily represent
the true shape of the surface [64]. Furthermore, the phase images also include
information from a certain volume below the surface due to tip indentation [34].
In this article, we demonstrate a method which takes advantage of finite tip
indentation to reconstruct depth-resolved images of material properties. The
method is non-destructive, offers sub-nm depth resolution, and complements
other AFM-based volume imaging techniques, which either use ablation [24],
ultrasonic excitation of the sample [25, 65], or require certain assumptions about
the specimen [66]. Our approach relies on measurements of amplitude-phase-
distance (APD) curves, where amplitude and phase are recorded as the tip-sample
distance d is decreased. Knoll et al. used two-dimensional arrays of APD curves
to determine the location of the true sample surface as given by the tip height h0
where attractive forces first cause a phase change [34]. From this point on, the
tip indentation z˜ can be determined by comparing the damped amplitude on the
specimen with the damped amplitude on a non-compliant stiff surface [34,42].
APD curves have also been used to describe and identify tip-sample interaction
processes, such as energy dissipation [38, 45, 67], and different contributions
to the origins of phase contrast [47]. By plotting the energy dissipated per
oscillation cycle Edis as a function of the amplitude setpoint ratio A/A0 (where
A0 is the amplitude at a large tip-sample distance d), Garcia et al. [45] identified
different dissipation processes corresponding to different types of tip-sample
interaction. Schröter et al. [47] introduced a simple model which separates the
conservative and dissipative contributions to tip-sample interaction, permitting
a better understanding of image contrast formation.
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2.3 Results and Discussion
Our subsurface imaging method combines information about material properties,
contrast formation in phase images, and uses the tip indentation as a depth
coordinate. This is accomplished by measuring two-dimensional arrays of APD
curves, where each curve contains information about the position of the true
sample surface, the tip indentation, as well as depth-resolved information about
the tip-sample interaction. The data analysis is described in the Methods section.
We demonstrate this method on two polymeric model systems exhibiting nm-scale
heterogeneities in the subsurface region. Both systems provide good contrast in
AM-AFM phase imaging due to large differences in the mechanical properties of
their respective components.
The first system is a thin film of polystyrene-block -polybutadiene (SB), which
forms polystyrene (PS) cylinders embedded in a polybutadiene (PB) matrix [34,
68]. We recorded 100 APD curves separated by 5 nm along the line perpendicular
to the PS cylinders as indicated in Fig. 2.1a. In Figures 2.1b and c, the amplitude
A and phase ϕ are plotted as a function of tip-sample distance d. Plotting the
tip indentation z˜ versus d shows identical slopes for all indentation curves up
to d = 15 nm (Fig. 2.1d). This point corresponds to an indentation of 10 nm,
the depth where the tip first touches the glassy (hard) PS cylinders, pushing
through the compliant (soft) PB matrix. This is in agreement with earlier
results [34]. In Fig. 2.1e, the energy dissipated between the AFM tip and the
sample per oscillation cycle, Edis, is plotted as a function of the setpoint ratio
A/A0. Notably, all curves are congruent down to A/A0 = 0.91. This reflects the
presence of a 10-nm-thick top layer of PB. Edis curves recorded on PS domains
exhibit significantly different shapes and lower maximum values than those
recorded on PB domains. We attribute the shape of the PB curves to viscoelastic
dissipation processes [45] and note the plateau-like shape of the PS curves,
similar to those curves observed on crystalline regions of polypropylene [43].
Figures 2.1f and g show the analysis of the APD curves according to Reference [47].
Conservative and dissipative contributions to the total tip-sample interaction
force are expressed by an additional tip-sample spring constant kTS and the
effective damping parameter αeff/m. For kTS as well as for A and ϕ, the curves
recorded on PS and PB domains can be clearly distinguished. They split as
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Figure 2.1 | (a) AM-AFM phase image of the surface of an SB film (A/A0 =
0.77). Bright (dark) areas correspond to PS (PB) microdomains below a
PB top layer. The white line indicates the positions where A(d) and ϕ(d)
[shown in (b) and (d), respectively] have been measured. The solid line in (b)
shows the expected amplitude on a non-deformable surface. The curves are
colored according to position (PS domains, PB domains, transition regions) as
indicated in (h). (d) Tip indentation z˜(d), (e) Edis(A/A0), (f) kTS(d), and
(g) αeff/m(d) computed from APD data. (h) Schematic tip indentation z˜
as a function of position x for A/A0 ≈ 0.5 and region classification scheme
according to tip indentation. (From Reference [46]©2010 American Chemical
Society)
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d decreases, whereas for d > A0, where tip-sample interactions are negligible,
the curves attain the same value. The set of αeff/m curves measured on PS
domains can be identified by their lower maximum values (Fig. 2.1f). Otherwise,
the αeff/m curves measured on different domains exhibit the same shape. The
quantities shown demonstrate a clear contrast between the two components of the
SB film and deliver quantitative information about the tip-sample interaction.
We now combine the knowledge about tip indentation z˜ for all tip-sample
distances d (and the corresponding amplitude setpoints A/A0) with the quantities
describing the tip-sample interaction (ϕ, Edis, kTS, and αeff/m) to create a depth-
resolved image of the specimen. This requires no a priori information about
the sample. In Fig. 2.2, we plot ϕ, Edis, kTS, and αeff/m as functions of lateral
position x and depth z beneath the sample surface. Since surface roughness was
not considerable, we set z := z˜. The resulting depth-resolved data shown in
Fig. 2.2 correspond to cross sections through the SB film. Panel a is a plot of
ϕ(x, z) containing data from all APD curves, where the z axis has been stretched
by a factor of 2.5. The black regions indicate areas where the given depth (tip
indentation) was not reached. The phase shift shows periodic variations in the
local mechanical properties, corresponding to the regular spacing of PS cylinders.
For detailed discussion, we selected two cylinders and plotted the aforementioned
quantities on a magnified 1:1 scale (Fig. 2.2b-e). In Panel b, the phase shift
ϕ(x, z) gives a good impression of the general shape of the cylinders’ surface,
as expected from the AM-AFM phase image, and shows a monotonous slope
starting at z ' 5 nm. The white lines indicate the tip indentation z˜ for the
amplitude setpoints A/A0 = 0.999, 0.95, 0.90 (light tapping), and 0.80 (moderate
tapping). These lines correspond to the lower tip inflection point when imaging
with conventional AM-AFM. The phase values along one line would result in
one line of the AM-AFM phase image. For several common A/A0 values, the tip
inflection point visibly follows areas of nearly constant phase shift. This might
partially explain the often poor phase contrast observed in AM-AFM imaging
and its strong dependency on the amplitude setpoint A/A0 [31]. Edis(x, z) is
plotted in Panel c. Notably, most of the energy is dissipated in the soft matrix at
positions between the PS cylinders at a depth of ≈ 15 nm. Generally, Edis attains
lower values above stiff objects, which leads to weak but visible lateral contrast
at depths of only 2-3 nm. The remaining two panels, d and e, show kTS(x, z)
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Figure 2.2 | ϕ plotted as a function of depth z and position x along the white
line shown in 2.1(a). (b-e) ϕ(x, z), Edis(x, z), kTS(x, z), and αeff/m(x, z) for
the two indicated cylinders in 1:1 scaling. The white lines in (b) show the
tip indentation z˜ for different setpoints A/A0. (From Reference [46]©2010
American Chemical Society)
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and αeff/m(x, z). Both quantities exhibit almost constant values even for depths
where ϕ(x, z) has already notably increased. Furthermore, kTS and αeff/m grow
with almost infinite slope close to the respective maximum tip indentation. Note
that this drastic increase could not be completely resolved in panels d and e. In
order to reconstruct a three-dimensional image from depth-resolved data, we
use thresholding to obtain the isosurfaces of a given quantity, which separate
stiffer objects from the surrounding matrix. Starting with the notion of circular
cylinder cross-sections, ϕ(x, z) reflects the general shape but does not allow the
location of the cylinder surfaces to be determined due to the continuous increase
of the phase signal for z > 5 nm. Edis is also not suitable for this purpose, leaving
kTS(x, z) and αeff/m(x, z). The cylinder surface is indicated by a strong increase
in the two parameters mentioned above. In kTS(x, z), slight shadows appear
above the cylinders. In αeff/m(x, z), the cylinders appear broadened compared
to kTS(x, z).
The second system is a thin film of elastomeric polypropylene [69]. Its surface
properties and volume structure have been studied previously [43,54–56,70]. We
investigated a 250 × 250 nm2 surface area by recording 50 × 50 APD curves
with 5-nm separation. From these data, we have reconstructed maps of kTS as
a function of depth z and combined them into a volume image. In Fig. 2.3a,
the kTS isosurface is shown as yellow, enclosing the crystalline (hard) regions of
ePP, whereas the amorphous (compliant) regions are shown as transparent. A
cross-section (x, z) along one lamella is presented in Fig. 2.3b. Fig. 2.3c shows
a conventional AM-AFM phase image of the area where the APD curves were
measured. In Fig. 2.3d-f, the kTS slices for three different depths are presented.
The grey scale has been adapted to the respective minimum and maximum.
In contrast to the AM-AFM phase image, where only the lateral extension of
lamellae is discernible, Figures 2.3a and b show the detailed three-dimensional
shape of the lamella edges. The latter display height corrugations of ≈ 5 nm
(in the z-direction) and ≈ 15-nm-large blocks along the lamellae, supporting
earlier findings that crystalline lamellae are formed from grains of this size [71].
Furthermore, Fig. 2.3b reveals the laterally heterogeneous thickness of the
amorphous top layer as claimed in previous works [43, 72]. This is corroborated
by Fig. 2.3d, where no crystalline regions are visible at a depth of z = 1 nm. In
contrast, more and more lamellae appear at z = 5 and 15 nm (Fig. 2.3e and
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Figure 2.3 | (a) Isosurface volume image reconstructed from normalized kTS
maps representing the top 19 nm of the ePP specimen. (b) Cross-section
through the volume image shown in (a) along one lamella marked with a
dotted line in (c). (c) AM-AFM phase image of the same spot (A/A0 = 0.90).
Crystalline lamellae appear bright, whereas dark regions indicate amorphous
material. The viewing direction of the 3D volume image shown in (a) is
indicated by a white arrow. (d-f) Normalized kTS maps for 1 nm, 5 nm, and
15 nm depth, respectively. (From Reference [46]©2010 American Chemical
Society)
f, respectively). At larger depths, the lamellae appear broadened compared to
those closer to the surface. This can be explained by the influence of the conical
shape of the tip, which becomes greater with increasing z.
2.4 Conclusion
The method presented in this work allows objects located at the same depth which
exhibit different mechanical properties to be distinguished from mechanically
identical objects at different depths. In a conventional AM-AFM phase image,
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both would yield a similar signal. As a volume imaging technique, the lateral
resolution is equal to that of AM-AFM and is mainly determined by the radius
and shape of the tip. In contrast, the vertical resolution is only limited by the
accuracy of the amplitude detection, which is ≈ 0.5 nm in our case. Furthermore,
while measuring APD curves, no lateral forces act on the sample and surface
deformations due to tip indentation are reversible in most cases. The shape
of hard objects embedded in a soft matrix can be reconstructed. However, no
information is obtained from inside or below non-compliant objects. The depth
range is limited by the tip indentation, which is primarily determined by the
compliance of the material. For a given sample, the tip indentation can be
increased by higher excitation amplitudes of the cantilever or by decreasing
the lower limit of the amplitude in APD measurements. However, to avoid
destruction of the specimen, a trade-off must be found.
The presented approach turns the finite tip indentation during AM-AFM
imaging on soft specimens into an advantage. By analyzing maps of APD curves,
we obtain the true sample surface, tip indentation, and depth-resolved images
of material properties in the subsurface region. This is achieved using standard
AFM equipment and it opens a broad range of new research opportunities in
nanoscience, soft matter physics, as well as biology, where the structure of the
near surface region is of particular interest.
2.5 Materials and Methods
2.5.1 Sample Preparation
Polystyrene-block -polybutadiene was obtained from Polymer Source Inc., Ca-
nada, with weight averaged molecular weights MPSw = 13.6 kg·mol-1, MPBw =
33.7 kg·mol-1 of the two blocks, and polydispersity Mw/Mn = 1.03. A 60-
nm-thick film was prepared by spin-casting onto a silicon substrate from a
1 wt% solution in toluene, followed by annealing at 23°C for 14 h in a nitrogen
atmosphere with 70% partial pressure of chloroform vapor. This procedure
results in polystyrene cylinders, which are aligned parallel to the surface and
embedded in a polybutadiene matrix. Elastomeric polypropylene (ePP) with
Mw = 160 kg·mol-1 and 36% crystallinity was synthesized using a dual-side
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metallocene catalyst as described in Reference [69]. A 240-nm-thick film was
prepared by drop casting a 0.6 wt% decalin solution onto a silicon substrate.
The sample was first heated to 150°C in air to melt the polymer and then kept
at 100°C in a nitrogen atmosphere for 18 h to allow for slow crystallization.
This leads to the formation of 15-nm-wide, crystalline lamellae surrounded by
amorphous ePP.
2.5.2 Atomic Force Microscopy
All AFM measurements were accomplished using NanoWizard I and II devices
(JPK Instruments AG, Berlin, Germany) under ambient conditions with silicon
cantilevers (Pointprobe® NCH, NanoWorld AG, Neuchâtel, Switzerland). The
cantilever parameters were as follows: quality factor Q = 420, resonance fre-
quency ω0 = 248.904 kHz, and spring constant k = 16.5 N/m (determined as
in Reference [73]) for the measurements on SB. The excitation frequency was
ω = ω0. For measurements on ePP, Q = 435, ω0 = 287.939 kHz, k = 21.2 N/m,
and ω = 287.795 kHz.
2.5.3 APD Curves
Amplitude A and phase ϕ were recorded pointwise by decreasing the tip height
h. This is technically similar to the force-volume technique, which is based on
measuring static forces as a function of distance [16–18]. We measured APD
curves at points separated by 5 nm along a line (in the case of SB) or a square
grid (in the case of ePP).
2.5.4 Data Analysis
The APD curves have been analyzed according to the methods described in
References [34], [47], and [45]. The unperturbed (true) sample surface h0(x, y) is
the position where attractive forces first cause a phase change when approaching
the surface by decreasing the AFM tip height h (Reference [34]). The tip-sample
distance d is obtained by setting d := h− h0 + A0. For plotting depth-resolved
data, as shown in Fig. 2.2, h0(x, y) measured from successively acquired curves
must be consistent, which is hampered by thermal drift affecting the AFM
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components controlling the tip height. Standard methods, such as linewise
subtraction of a best-fit first-order polynomial, are well-suited for correcting
these drift effects. The tip indentation z˜ = A(d)− d. In the case of considerable
surface corrugation, slices with constant tip indentation must be shifted by
h0(x, y) to obtain a z coordinate with respect to the lab reference frame. In the
case of our samples, surface roughness was not considerable (always < 2.5 nm)
and no lateral features appeared [34, 43]; therefore we set z := z˜. The energy
dissipated between the AFM tip and the sample per oscillation cycle is given
by [45]:
Edis = −pikA
Q
(
A0 sinϕ+ A
ω
ω0
)
. (2.1)
We use the phase convention of Reference [47], where in resonance, ϕ = −90°.
Equation 2.1 has been adapted accordingly. Conservative and dissipative contri-
butions to the total tip-sample interaction force are expressed by an additional
tip-sample spring constant kTS and the effective damping parameter αeff/m [47].
The former is given by
kTS = keff − k = m
(
ω2 + cos(ϕ)
F0/m
A
)
− k, (2.2)
where m = k/ω20 is the vibrating mass and keff is the total effective spring
constant. The effective damping parameter
αeff/m =
− sin(ϕ)
ω
F0/m
A
. (2.3)
The quantity F0/m, where F0 represents the amplitude of the excitation force,
is obtained by fitting the cantilever resonance curve [47].
In the case of ePP, we investigated a 250 × 250 nm2 surface area by recording
50 × 50 APD curves with 5 nm separation. From these data, we have recon-
structed maps of kTS as a function of depth z, ranging from 1 to 20 nm in steps
of 0.5 nm, resulting in 39 slices. To accentuate the lateral differences in kTS,
we subtracted each slice’s background from the slice itself; the background was
calculated by blurring with a 25-nm-wide Gaussian filter. The resulting slices
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were then combined into an isosurface volume image using Amira V4.0 (Mercury
Computer Systems Inc.).
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3 Subsurface Mapping of
Amorphous Surface Layers on
Poly(3-hexylthiophene)1
3.1 Introduction
Conjugated polymers like poly(3-hexylthiophene) (P3HT) and other thiophene-
based polymers are promising materials for polymeric electronic devices and are
considered as prototype semiconducting polymers for fundamental studies [74].
P3HT exhibits excellent electronic properties, in particular, high charge-carrier
mobility. This is attributed to the intermolecular pi-pi stacking of the conjugated
backbones, causing delocalization of the electronic states within the crystalline
regions of semicrystalline P3HT [75,76]. The correlation between the electronic
properties and the complex hierarchical microstructure of semicrystalline poly-
mers for organic electronic devices, including P3HT, is currently of great interest.
P3HT forms lamellar crystals that are embedded in an amorphous matrix. The
detailed microstructure and crystallinity depends on the stereoregularity of the
polymer backbone, the molecular weight, the structure of the side-chains, as
well as the details of the film processing conditions [77–79]. In general, a large
degree of order within the crystalline regions is considered to be essential for a
high charge-carrier mobility [75, 76]. Processing and annealing conditions can
either improve or deteriorate the electrical properties of P3HT. Additionally,
when cast from solution, crystalline P3HT fibers can be formed and deposited
on the surface [80,81]. The nanoscale morphology of P3HT is frequently inferred
from atomic force microscopy (AFM) images of the surface of thin films and is
related to changes in the material’s electronic properties, which may affect an
organic electronic device’s performance. The detailed surface structure is also
1This chapter has been published as “Subsurface Mapping of Amorphous Surface Layers
on Poly(3-hexylthiophene)” by M. Zerson, E.-C. Spitzner, C. Riesch, R. Lohwasser, M.
Thelakkat, and R. Magerle in Macromolecules 44, 5874-5877 (2011). ©2011 American
Chemical Society
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of particular importance for the charge-transfer process between the polymeric
material and the electrodes. Up to now, studies have addressed the morphology
of crystalline regions at the surface of polythiophene films [75, 77]. However,
little attention has been paid to the distribution of the amorphous components
at the surface of polythiophene films. Sakai et al. have reported a 3-nm-thick
amorphous layer on crystalline regions of polypropylene, a common semicrys-
talline polymer [72]. With depth-resolved AFM imaging, we have recently shown
that the edges of crystalline lamella in polypropylenes with a low degree of
crystallinity are covered by an ≈ 10-nm-thick amorphous layer [43,46,57].
In this Communication, we use this method for extending our study on the
surface structure of a well-defined, regioregular type of P3HT with depth-resolved
AFM. In particular, we determine the local thickness of compliant surface layers
by measuring the small but finite indentation of the AFM tip into the surface.
We discovered that the entire surface of highly crystalline thin films of a well-
defined, regioregular type of P3HT is covered by an amorphous layer of P3HT.
On the as-cast film, the amorphous layer is 7 nm thick. After annealing at 230°C,
it decreases to 5 nm. The presence of the amorphous surface layer can have
important consequences on the electronic properties of P3HT surfaces and the
performance of thin-film electronic devices using P3HT.
3.2 Materials and Methods
We study a highly regioregular type of P3HT with a well-defined molecular
weight Mn = 10.2 kg/mol (measured with size-exclusion chromatography) and a
low polydispersity index 1.19 synthesized by Grignard metathesis polymerization
as described previously [77,82]. The hierarchical-structure-formation process of
polymer crystallization and side-chain ordering has been studied for P3HT of this
molecular weight with X-ray diffraction and differential scanning calorimetry [77].
Here, about 100-nm-thick films were prepared by spin-casting a 1 wt% solution
of P3HT in chloroform onto polished Si wafers covered with a native oxide
layer. One film was annealed above the melting temperature Tm = 227°C of this
particular P3HT. Annealing took place at 230°C for 20 min in an Ar atmosphere
followed by slow cooling (within ≈ 30 min) to room temperature. The detailed
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AFM data acquisition and analysis protocols are described in Reference [46].
Briefly, for constructing a depth-profile, the amplitude A and the phase ϕ of the
oscillating cantilever is recorded as a function of the tip-sample distance. From
this amplitude-phase-distance (APD) data, the position of the true surface, h0,
as well as the tip indentation z˜ into the compliant film are determined [34]. The
tip indentation z˜ is used as a depth coordinate relative to the true surface h0 for
the construction of the depth profiles of kTS, the conservative contribution to the
tip-sample interaction [47], and Edis. The latter is the energy dissipated between
the tip and the sample during one tip-oscillation-cycle, which is a measure of
the dissipative part of the tip-sample interaction [45].
3.3 Results and Discussion
Figure 3.1 shows conventional AFM height and phase images of an as-cast
P3HT film. The displayed area was chosen to show the characteristic features
frequently found in AFM images of P3HT [75, 77, 78]. The two 30-nm-wide,
crystalline P3HT fibers oriented diagonally across the imaged area are ≈ 10 nm
high. Such fibers are known to form in solution [80,81] and are deposited on the
film surface during spin-casting. Furthermore, a fine texture of ≈ 10-nm-wide
bright stripes is visible in the phase image (Fig. 3.1b). These stripes correspond
to the lamellar crystalline regions within the semicrystalline P3HT. The isolated
70-nm-large round dark area visible in the phase image corresponds to a 10-
nm-deep depression in the conventional AFM height image. APD data were
measured at 75 × 22 points within the area marked by the white rectangle. The
shape of the true surface reconstructed from the APD data (Fig. 3.1c) shows
fewer corrugations than the conventional AFM height image (Fig. 3.1a). Also
the two fibers have a broader shape. The difference between the shape of the
true surface and the conventional AFM height image is due to the indentation
of the AFM tip into the compliant surface layer. For both methods, the tip
indentation depends on the amplitude ratio A/A0. From maps of APD data,
maps of the tip indentation can be determined (not shown here) which reflect
local differences in the compliance of the material. Furthermore, these maps
of local material properties can elucidate quantities such as the conservative
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Figure 3.1 | (a, b) AM-AFM height and phase images of an as-cast P3HT
film. Bright (dark) areas in (b) correspond to the crystalline (amorphous)
regions. The white rectangle indicates the area where the APD data were
measured. Corresponding maps reconstructed from the APD data: (c) true
surface h0, (d) maximum dissipated energy Emaxdis , and (e) kTS computed for
an amplitude ratio of A/A0 = 0.9. The dotted line marks the position of
the depth profiles shown in Fig. 3.3 (From Reference [83] ©2011 American
Chemical Society).
contribution to the tip-sample interaction, kTS (Fig. 3.1e), and the maximal
energy dissipated between the tip and the sample at each pixel (Fig. 3.1d). In the
map, the fibers appear dark, corresponding to less dissipated energy and a lower
loss modulus than the surrounding material. In the kTS map, the P3HT fibers
appear as bright stripes, indicating that they are stiffer than the surrounding
material. The maps of kTS and validate the interpretation of the conventional
AFM phase image (Fig. 3.1b). The 70-nm-large round dark area in the upper
half of the AFM phase image has significantly lower kTS and higher values than
its surroundings. Furthermore, no depression is observed at this spot in the true
surface map. We therefore consider this area to represent a domain of a soft
(compliant) material that is segregated at the surface.
While annealing the sample above its melting temperature, all crystals melt
and during the cooling process, the material crystallizes again. The resulting
surface structure (Fig. 3.2) resembles the lamellar structure previously observed
for P3HT with this molecular weight [77]. Conventional AFM height images of
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Figure 3.2 | Same as Fig. 3.1 for a P3HT film annealed at 230°C for 20 min.
In (d), an approximately 30-nm-large domain with high values of Emaxdis is
marked by the letter D. (From Reference [83] ©2011 American Chemical
Society)
a larger area (not shown here) show an increase in the roughness as well as a
nanoscale texture similar to that of the corresponding phase images (Fig. 3.2b).
The latter shows well-differentiated regions of bright stripes that are aligned
parallel locally. These bright stripes correspond to the characteristic crystalline
lamellae. Another feature frequently observed in conventional AFM phase images
of P3HT is 20-to-50-nm-wide dark domains, marked by D in Fig. 3.2b, which are
similar to those on the as-cast film. After annealing, these domains are smaller
and less frequent than before annealing.
APD data were measured at 50 × 50 points within the area indicated (as
white square) in Fig. 3.2a and Fig. 3.2b. The true surface reconstructed from the
APD data has the same shape as the AFM height image, however, without the
fine nanoscale texture. The map of the maximal energy Emaxdis dissipated between
the tip and the sample (Fig. 3.2d) shows the same pattern as the conventional
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Figure 3.3 | (a, b) Depth profiles of kTS and Edis for an as-cast P3HT film
at the position indicated in the AFM phase image shown in (c) and in the
height image in Fig. 3.1a. The gray area corresponds to depths larger than the
largest tip indentation. (d, e) Depth profiles of kTS and Edis for the P3HT film
annealed at 230°C for 20 min measured at the position indicated in the phase
image shown in (f) and in the height image in Fig. 3.2a. The arrows mark the
local maxima of Edis, which correspond to the amorphous regions between the
crystalline lamellae. On the as-cast film, the laterally averaged thickness of the
amorphous top layer is 7 nm. After annealing at 230°C, the amorphous layer
is on average 5-nm thick. (From Reference [83]©2011 American Chemical
Society)
AFM phase image, however, with an inverted contrast. The dark stripes in the
AFM phase image correspond to bright stripes in the Emaxdis map. These regions
correspond to the soft, amorphous regions between the crystalline lamella. In
the kTS map, they appear as bright stripes (Fig. 3.2e). The round, dark spots
in the AFM phase image (marked by D) correspond to bright dots in the Emaxdis
map and dark dots in the kTS map. We therefore attribute these dots to the
domains of a soft (compliant) material that is segregated at the surface. The
interpretation of the AFM phase image, the Emaxdis map, and the kTS map is in
accordance with previous results on semicrystalline polypropylene as well as
block copolymers forming hard domains within a soft matrix [34,46].
From the maps of the APD data, we determined the dissipated energy Edis
and the conservative contribution to the tip-sample interaction kTS as a function
of the indentation depth z˜. The depth profiles of kTS and Edis are shown in
Fig. 3.3 for the as-cast and the annealed P3HT film. The depth profiles have
been reconstructed at the positions marked with dashed lines in the height
images in Fig. 3.1a and Fig. 3.2a. Enlarged details of the AFM phase images at
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the position of the cross-sections are shown in Fig. 3.3c and 3.3f, respectively.
The conservative contribution to the tip-sample interaction kTS increases with
indentation depth z˜ and reaches its highest value at the greatest value of the
indentation depth (Fig. 3.3a). Larger depths can not be probed with this
technique. The maximum indentation depth can be directly inferred from the
depth profiles. It is a measure of the local thickness of a compliant layer that is
covering the surface. On the as-cast film, the mean thickness of this compliant
layer is 7 nm with a standard deviation of 1 nm. After annealing at 230°C, the
laterally averaged thickness of this compliant layer is reduced to 5± 1 nm. We
identify this soft surface layer as the amorphous fraction of the semicrystalline
P3HT. Because of the high purity of the P3HT used for this study, the possibility
that this soft layer originates from any impurities segregating at the surface
can be excluded. Our data show that the entire surface and, in particular, the
crystalline lamellae and the crystalline fibers are covered by this amorphous layer
of P3HT. The shape of the true surface shows no regular structure (texture) that
is reminiscent of the average distance of the crystalline lamella. On this length
scale (< 100 nm), the true surface is flat. The glass transition temperature of
the studied type of P3HT is -10°C [77], therefore, at room temperature, the
amorphous P3HT is a highly viscous fluid and the surface tension causes the
formation of a smooth surface. Two factors could contribute to an accumulation
of amorphous P3HT at the film surface. First, less crystallizable material is
rejected from the growth front as the lamellae grow towards the surface. Second,
if the surface tension of amorphous P3HT is lower than that of crystalline P3HT,
this could inhibit the crystal growth front from reaching the surface. We attribute
the fact that the thickness of the amorphous layer is reduced after annealing to
further growth of crystalline lamellae towards the film surface which accompanies
the growth of lamellae within the film plane. The presence of an amorphous
surface layer is in accordance with earlier findings on the surface properties of
semicrystalline polypropylene [43,46,72].
In summary, we have demonstrated depth-resolved mapping of the subsurface
structure of a semiconducting semicrystalline polymer. Our data show that the
entire surface of a highly regioregular P3HT, including crystalline regions and
crystalline fibers, is covered by an amorphous layer. On the as-cast film, it is on
average 7 nm thick. After annealing at 230°C, its thickness decreases to 5 nm.
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The presence of the amorphous surface layer can have important consequences.
For instance, it can influence the charge-transfer process between P3HT and
electron acceptor materials as well as the charge extraction at the electrodes.
It might also influence the alignment of electronic levels at these interfaces.
Since annealing causes changes within the amorphous surface layer, possible
contributions of amorphous surface layers toward electronic properties and/or
device performance should be considered.
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4 Subsurface Imaging of Block
Copolymer Microdomain
Structures
4.1 Introduction
In the field of nanostructured devices, classical top-down production processes
are more and more facing their intrinsic limitations. Highly complex electronic
components like processors for PCs and other devices are usually structured
by lithographic methods [84–86]. Thus it is possible to fabricate very complex
circuits with a low rate of defects within the structure, which is important in case
of complex electronics. However, this approach is very expensive on the nm-scale
and only cost efficient for valuable products, produced in large batches. On the
other hand, there are many applications that need simple but regular structures
on the nanoscale and that are not hindered by a reasonable amount of defects.
In the last decades, block copolymer systems turned out to be a promising
starting point for an alternative bottom-up approach. Self-assembly of block
copolymer molecules also has already been adapted for different applications like
the production of data storage devices [87], functionalized surfaces [88,89], and as
promising templates for the fabrication of efficient organic solar cells [90]. With
adequate block copolymers, structures on the nanometer scale can be obtained,
just by self-assembly of macromolecules [85, 89, 91–94]. The driving force behind
this process is the segregation of incompatible polymer components. Due to
the fact that blocks of the incompatible polymer components are connected
within one molecule, this phase separation is limited to a length scale of 10
to 100 nm and therefore called microphase separation. As a result, with a
diblock copolymer, different types of ordered structures like lamellae, cylinders,
spheres, or even more complex morphologies can be obtained, depending on
the type of polymer components used, the volume fraction and the molecular
weight [93,95,96].
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In this chapter, subsurface AFM results for a thin film of cylinder-forming
polystyrene-polybutadiene (SB) block copolymer are presented. The phase
behavior of this [68, 97–101] and a very similar polystyrene-block -polybutadiene-
block -polystyrene (SBS) system [34, 102–104] have been studied in the past.
In Chapter 2, some results have already been shown as a proof of concept
for subsurface AFM. Here, instead of measuring just one cross-section, depth-
resolved 2D AFM images and one volume image of a thin polystyrene-block -
polybutadiene film are shown. This allows for a better comparison with previous
results obtained by nanotomography [24], as well as recent results from computer
simulations [101,105–108]. Furthermore, a more detailed discussion of AFM piezo
drift effects on the measured data is given. One advantage of subsurface AFM
imaging over nanotomography lies in the higher resolution in the z-direction
and its non-destructiveness. Hence, it is possible to image the same spot of the
sample at different annealing stages. The limitation, of course, is that subsurface
AFM is limited to the top 10 to 20 nm beneath the sample surface (first layer
of polystyrene cylinders) in contrast to nanotomography. Nevertheless, for the
investigation of the behavior of individual defects including their dynamics, it
complements common IC-mode AFM [68,97] and nanotomography imaging [24,
109,110].
4.2 Materials and Methods
Here, results for non-destructive depth-resolved imaging of a thin SB film on a
polished silicon substrate are shown. The silicon (covered by a native layer of
silicon oxide) was cleaned with a 1:1 mixture of acetone and toluene, followed
by a treatment with a CO2 driven snow jet [111]. Afterwards, a thin film of
polystyrene-block -polybutadiene was deposited by spin casting of a 1 wt% toluene
solution at 2000 rpm. To allow for the self-assembly of the molecules, the sample
was annealed for 13 h in a nitrogen atmosphere with controlled partial pressure of
chloroform vapor (p/pS = 60 %, the setup is described in Reference [103]). This
procedure resulted in a 40-nm-thick, flat film with a few terraces that exhibited
a height of 25 nm relative to the rest of the polymer film (values in the dry
state). Referring to previous works considering melts [100] and concentrated
52
4.2 Materials and Methods
solutions [68] of the polymer, the 40-nm-thick regions consist of a wetting layer
beneath one layer of PS cylinders oriented parallel to the substrate, whereas
the terraces (with 65 nm film thickness) feature an additional row of cylinders
(both display similar microdomain structures). The samples in the literature
have been annealed by heating, which might explain the slightly different values
obtained for the film thickness.
The subsurface imaging procedure was applied as described in Chapter 2.
Amplitude and phase of the oscillating AFM cantilever were measured as function
of tip-sample distance on a grid of 50×50 points enclosing an area of 250×250 nm2.
Due to thermal drift effects of the AFM piezo scanning system, the area actually
measured differed from the pre-defined values. The thus caused deformation
was approximated from the comparison of two IC-mode AFM images, taken
directly before and after the APD measurement. The position of the first row of
APD curves was projected on the first IC-mode AFM image and the position
of the last row of APD curves was projected on the second IC-mode AFM
image. Afterwards, the two resulting images were aligned in the x-y-direction to
compensate for the drift during the APD measurement. As a result, the position
were the APD grid was actually measured is obtained.
A Nanowizard I instrument (JPK Instruments AG, Berlin, Germany) was used
with standard IC-mode AFM silicon cantilevers (Pointprobe® NCH, NanoWorld
AG, Neuchâtel, Switzerland). The force constant of the cantilever was determined
as 16.1 N/m using the method due to Sader [73]. The APD curves were obtained
operating at the cantilever’s resonance frequency of ω0 = 286.644 kHz and a
free oscillation amplitude of A0 = 48 nm. The value of the free oscillation
amplitude decreased during the APD measurement to A/A0 = 44.2 nm at the
time the 2500th curve was recorded. Each APD curve was measured down to
a minimum amplitude of Amin = 4 nm. The freely oscillating cantilever had a
quality factor of Q = 333. The unperturbed sample surface was obtained as
in Reference [34] and the data analysis to split the tip sample interaction into
conservative and dissipative contributions was performed as in Reference [47].
Maps of the AFM phase signal ϕ, the conservative kTS and dissipative αeff/m
contribution of tip-sample interaction were reconstructed for depths from 1 nm
to 20 nm in increments of 0.25 nm. An isosurface volume image of the top 20 nm
of the SB film was created with the software Amira V4.0 (Mercury Computer
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Systems Inc.). For this purpose, the average value of each slice was calculated
and subtracted from the whole slice to remove the image background. All images
reconstructed from the APD measurements were deformed according to the
estimated x-y-drift.
The AFM measurements have been compared to results of cell dynamics
simulations according to Reference [112, 113] done by Christian Riesch [106].
In this simulation, the time evolution of a block copolymer system, forming a
cylindrical structure by self assembly, is investigated. For a simulation closer to
the experimental conditions, an additional noise term is added to the system
to imitate the thermal noise present in the experimental system. The size of
the simulation box was 256 (x) by 256 (y) by 20 (z) with periodic boundary
conditions in the x and y axis. In this box, the system evolves from initial
condition of a homogeneous mixture into two layers of cylinders oriented parallel
to the x-y-plane. At z = 0 and z = 19, the surfaces of the box are impermeable
and attract the majority component of the block copolymer.
4.3 Results and Discussion
Figure 4.1 | IC-mode height image (left) and phase image (right) of a thin
SB film. The image was obtained at an amplitude setpoint of A/A0 = 0.85.
Figure 4.1 shows the IC-mode AFM height and phase image of the thin SB film.
The bright regions in the phase image correspond to the polystyrene (PS) domains,
whereas the dark areas indicate the surrounding, compliant polybutadiene (PB).
The fact that the same structure is visible in both, the phase and the height
image, is a result of the indentation artifacts already discussed in this thesis.
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The surface of such a SB film is known to be flat with a remaining roughness
of ≤ 1 nm [34,46]. Here, the indentation artifacts are so severe that the actual
height profile of the surface is not even visible, although the used amplitude
setpoint of A/A0 = 0.71 is usually not considered as “hard tapping” [31–33]. A
more detailed discussion of the setpoint-dependence of the height image is given
in Reference [34] and Chapter 5. The phase image in Fig. 4.1 shows PS cylinders
at a grain boundary with a small area including two perforations of a perforated
lamella. This constitutes a typical pattern often observed in cylinder-forming
SB films that were annealed, but were not given enough time to heal out all
structural defects [68,98,99,103,104]. Thus, no long-range order is observed.
Figure 4.2 | (a) Unperturbed height image (raw data) of the same spot of
the SB film as in Fig. 4.1 obtained by the subsurface imaging method. (b)
Absolute height value as function of measurement time and pixel number.
In Figure 4.2a, the unperturbed height image (raw data) of the same area
as in Fig. 4.1, obtained from the map of APD data, is shown. The distorted,
non-quadratic shape is a result of the lateral thermal drift during the APD
measurements. Unfortunately, this thermal drift is not always negligible. Even
on AFM systems with a linearized piezo-setup, this effect can reach values in the
range of hundreds of nanometer per hour. Linearized piezo systems ensure that
the same difference in the voltage always leads to the same piezo deformation. In
non-linearized system, this is not always the case, for example due to hysteresis
55
4 Subsurface Imaging of Block Copolymer Microdomain Structures
effects. The drift in the x-y-plane has been tried to avoid in different ways.
First, a constant temperature around the AFM is favorable. Second, drift effects
often occur after lateral repositioning of the AFM. Therefore, after repositioning,
the AFM was set to continuous imaging IC-mode AFM until no more lateral
drift was noticed. Nonetheless, during the time the presented subsurface AFM
measurement took (≈ 35 min), some drift occurred and the resulting images
are still slightly deformed. The height in Fig. 4.2 is displayed as an absolute
height value from a built-in strain gauge, measuring the elongation of the AFM
piezo in the z-direction. The whole image consists of 50 × 50 pixels and appears
considerably tilted. The height decreases from 3292 nm in the lower left corner
to 3130 nm in the upper left corner. This height difference of about 160 nm
results from drift of the piezo system and/or the entire setup in the z-direction.
To quantify this effect, the height value of each pixel is plotted as function of
measurement time in Fig. 4.2b. It is visible that the drift exhibits a nearly linear
characteristic. The local variations include the actual height information as well
as the noise of the strain gauge measurement. A detailed inspection shows that
adjacent rows of pixels are tilted in alternating directions. The reason for this is
the manner in which the data was recorded. For each pixel, one APD curve is
measured and in order to avoid large positional changes in the x-y-plane between
two individual APD measurements, the first row of pixels is recorded from the
left to right, whereas the the next row of pixels is obtained starting at the right
hand side and so on.
To correct for the drift related height information, a standard AFM image
processing method was applied. Due to the linear characteristic, the image was
first order flattened. This means that the linewise height function h(x) was fitted
with a first order polynomial, which was afterwards subtracted from the original
function.
The resulting flattened height image is shown in Fig. 4.3a. The image is,
except for some outliers, very flat. In contrast to the IC-mode height image,
no SB microdomain structure is visible. Fig. 4.3b shows the histogram of the
image as well as a Gaussian fit of the histogram’s envelope. The full width at
half maximum, which is a measure for the roughness of the surface, is 0.9 nm.
This supports the interpretation that the unperturbed film surface is flat and
56
4.3 Results and Discussion
Figure 4.3 | (a) Flattened unperturbed height image of the same spot as
in Figs. 4.1 and 4.2. (b) Histogram of the image and Gaussian fit of the
histogram’s envelope.
the visibility of the microdomain structure in the conventional IC-mode height
image is caused by indentation artifacts [34, 46].
The main advantage of subsurface imaging is, of course, the depth-resolved
information about the mechanical properties of the sample. Fig. 4.4 shows in
the first row phase images reconstructed from the APD data at depths from
1 nm to 15 nm in increments of 2 nm. In the first two slices, no phase contrast is
visible due to a homogeneous PB layer on top of the PS cylinders. The cylinders
first appear at a depth of 5 nm. This agrees with the results shown in Chapter 2
(Fig. 2.2). Stiff objects beneath the surface do not lead to a steep increase in
the phase value right at the boundary surface, they are surrounded by a few nm
wide region with continuously increasing phase value as shown in Fig. 2.2. Thus,
to determine the actual shape of the PS domains, the phase signal was split up
into its conservative and dissipative contributions. In Fig. 4.4, the second row of
images shows the conservative contribution to the tip-sample interaction, kTS.
Brighter colors correspond to a higher tip-sample force constant kTS, caused
by the PS cylinders, whereas darker areas, again, indicate softer PB. Here, the
cylinders appear at depths between 9 to 11 nm. This result is in line with the
findings shown in Chapter 2 and those of Reference [34]. The same depth can
be inferred from the dissipative contribution αeff/m. In contrast to ϕ and kTS,
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Figure 4.4 | Images of the phase ϕ (1st row), the conservative contribution
to the tip-sample interaction kTS (2nd row), and the disspative contribution to
the tip-sample interaction αeff/m (3rd row) reconstructed from APD data at
depths from 1 nm to 15 nm. In all images, black pixels correspond to positions
where the maximum indentation did not reach the given z value.
the stiffer PS cylinders cause lower values in the effective damping parameter
αeff/m, leading to a color inversion.
An interesting detail, which can be resolved with subsurface AFM imaging,
is the local inhomogeneity in the shape of the PS microdomains. On the left
hand side of each image in Fig. 4.4, a small lamellar area with two perforations
is visible. The two rings around both holes in the PS domain are closed, best
seen in the image of αeff/m in a depth of 15 nm. However, in the images for ϕ at
a depth of 9 nm and kTS at a depth of 11 nm, the rings appear open. So the PS
ring exhibits a higher and lower surface, depending on the position. Investigating
this in detail, images of kTS (Fig. 4.5a) reveal that the positions, where the rings
are connected to another ring or cylinder domain (3-fold connectors), are higher
and appear thicker. A sketch with the thicker position marked in red is given on
the right hand side in Fig. 4.5a. Compared to cell dynamics simulation results, it
turns out that the positions of the higher and thicker areas differ systematically.
In Fig. 4.5b, a detail of a simulation result after 65000 time steps with three
perforations at a grain boundary is shown. The images represent slices in depths
of z = 2, 3, and 4 through the simulation box. The PS rings have a corrugated
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Figure 4.5 | (a) Images of kTS at depths of 9.5 nm, 10.0 nm, and 10.5 nm
measured with subsurface AFM. (b) Slices of concentration distribution at
depths of z = 2, 3, and 4 of a cell dynamics simulation. On the right hand side
are schemes, where the red dots mark positions, where the cylinder’s surfaces
are higher and appear thicker.
shape. Interestingly, here, the thicker parts are situated where the rings are not
connected to other domains (sketch in Fig. 4.5b, right). At the position of the
3-fold-connectors, where another cylinder or ring domain is interconnected, the
PS domains appear thinner. The only exception is the position where all three
rings are connected. At this position, the PS domain appears thicker and higher.
For a detailed discussion of the reasons for the two findings, it is necessary
to image more samples and to investigate more similar patterns and structural
defects. Here for example, the experimentally observed two perforations are be-
tween two grains of cylinders oriented in a different angle, whereas the simulation
shows three perforations between three grains. Furthermore, cell dynamics simu-
lations are a minimal model for the structure formation in block copolymer films.
More detailed models, taking into account details of the molecular architecture
as well as the interaction with the surfaces exist. Self-consistent field theory [114]
and modeling with Mesodyn (which is based on dynamic density functional the-
ory) [101, 104, 105, 115–117] were used in previous works for describing structure
formation processes in thin films of block copolymers. With subsurface AFM
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Figure 4.6 | (a) Isosurface volume image (kTS) of the top 20 nm of a thin
SB film reconstructed from a subsurface AFM measurement. (b) Isosurface
volume image of a similar structure as a result of a cell dynamics simulation.
imaging, it is possible to compare these simulations with unprecedented detail
with experimentally observed SB microdomain strucures. Subsurface AFM also
allows for the reconstruction of isosurface volume images with a resolution of
below 1 nm along the z-direction. Figure 4.6a shows a volume image of the
top 20 nm of the SB nanostructure discussed above. The individual cylinders
with the corrugated surface are clearly visible. Furthermore, due to the higher
resolution along the z-direction, the surface of the cylinders is considerably better
resolved than in volume images reconstructed from abrasive nanotomography [24]
imaging. This technique, however, exhibits the same resolution in the x-y-plane
and is able to reconstruct more than just the top layer of cylinders. The image
on the right hand side (Fig. 4.6b) shows the first layer of cylinders from the cell
dynamics simulation result discussed above.
The last important point to mention is the condition of the SB sample after
subsurface AFM imaging. Fig. 4.7a shows a 1×1 µm2 IC-mode AFM phase
image of the spot imaged with subsurface AFM and the surrounding area, which
was not treated in the same manner. The individual APD curves were, as
already mentioned, recorded down to a minimum amplitude of Amin = 4 nm,
corresponding to a minimum amplitude setpoint ratio of Amin/A0 ≈ 0.1. Imaging
in regular IC-mode at such hard tapping conditions would usually result in
destroyed structure in the phase image, and a compressed, lower area in the
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Figure 4.7 | (a) 1×1 µm2 IC-mode phase image of the location (enclosed by
the dashed line) and its vicinity where the structure has been measured with
subsurface AFM. IC-mode AFM phase images of the area before (b) and after
(a,c) the subsurface AFM measurement.
height image. Both is not visible in the IC-mode phase (Fig. 4.7a) and the
IC-mode height image (not shown here). The subsurface imaging procedure can
therefore be considered as non-destructive on SB, even for such low minimum
amplitudes. The reason for this is the viscoelastic recovery of the PB matrix
after the measurement of each APD curve and the total absence of lateral forces,
because the tip is not scanned across the sample surface. In IC-mode, these
forces are substantially lower compared to contact mode AFM, but are still
present. IC-mode images of the area imaged with subsurface AFM before (b)
and after (c) the measurement are shown in Fig. 4.7. The visible structure differs
in detail, due the different amplitude setpoints used for measuring the images
(image “before” at A/A0= 0.83 and “after” at A/A0= 0.71).
To get an overall impression about the non-destructively accessible indentation
depth on polymeric surfaces, Fig. 4.8 shows the indentation depth z˜ on a 30-
nm-thick PS film as function of the amplitude setpoint A/A0 and the partial
pressure p/pS of chloroform vapor in the atmosphere. The discussed SB system
consists of two mechanically very different polymeric components. Stiff, glassy
PS and the almost liquid PB block. Both situations, and the transition between
the two, can be mimicked by swelling the stiff PS film in chloroform vapor with
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controlled partial pressure, reaching from the glassy state at p/pS = 0% to an
fluid state at p/pS= 60% [103].
Figure 4.8 | Tip indentation into a 30-nm-thick PS film as function of the
solvent vapor saturation p/pS and the amplitude setpoint A/A0.
The indentation behavior is reversible during swelling and drying the film
(Fig. 4.8). At p/pS= 0%, the tip indents less than 4 nm into the surface, no
matter what amplitude setpoint is used. The swollen, softer PS allows the tip
to indent up to 16 nm into the surface. Only very light tapping conditions
(A/A0 =0.99) do not result in appreciable tip indentation. The polymer was
elastically deformed, i.e. this measurement was non-destructive like for the SB
film discussed before. The occurrence of inelastic deformation for hard treatment
of the sample (at high A0 together with low Amin), however, limits the accessible
depth without damaging the sample. From this and the results shown earlier, we
consider 20 nm as a good estimation for the non-destructively accessible depth
on soft polymeric surfaces. On soft systems like cross-linked polymeric materials
which are very robust, the accessible depth is likely to be higher.
4.4 Conclusion
In this chapter, subsurface AFM has been demonstrated as an alternative, non-
destructive approach for depth-resolved imaging of a SB microdomain structure
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in a thin film. Depth-resolved images of the mechanical properties of the sample
and a volume image have been shown. Due to the high resolution along the z-
direction, it enables a detailed comparison of AFM measurements with computer
simulation results. A first comparison of subsurface AFM and simulations of
a diblock copolymer has been presented. However, for a detailed comparison,
conditions closer to the experiment have to be used in the simulation (and vice
versa). For example, a 3D image was reconstructed from the conservative part
of the tip-sample interaction (a measure for the elastic deformation behavior),
whereas the cell dynamics simulation 3D image models the density distribution
of the PS component.
In particular, the thermal drift issue was discussed. It turns out that the
thermal drift in subsurface AFM measurements is not always negligible, even on
AFM systems with linearized piezo elements like the one used. The drift in the
z-direction can be corrected using standard AFM image processing algorithms.
The only way to get rid of the lateral (x-y) drift is to reduce the measurement
time. Although the present work has been done at the speed limit of the JPK
Nanowizard I AFM system, it is already possible to increase the measurement
speed by a factor of 20 to 50 using recently developed commercial AFM systems
like the JPK Nanowizard 3 (JPK Instruments AG, Berlin, Germany) or other
high-speed AFM systems.
New experiments combining IC-mode AFM, subsurface AFM, and nanoto-
mography are a promising next step. With IC-mode AFM, it is possible to
image time-resolved the self assembling process in a SB system during anneal-
ing [68, 97]. Due to its non-destructive manner, depth-resolved images of the
first layer of cylinders can be obtained by subsurface AFM at different annealing
steps. Furthermore, the spatial structure of the hole thin film can be measured
by nanotomography at the end of the experiment. In this way, it is possible
to build a catalog of high resolution volume images of typical local structural
defects like dislocations, disclinations, perforated lamellae at grain boundaries,
or ring-dot-defects [97, 101]. These 3D data can then be compared to computer
simulation results to learn about single defect dynamics or effects like local shape
fluctuations of parallel cylinders.
63

5 Multi-Setpoint
Intermittent-Contact (MUSIC)
Mode Atomic Force
Microscopy of Oligothiophene
Fibrils1
5.1 Abstract
We developed MUSIC-mode atomic force microscopy (AFM) to emulate inter-
mittent-contact mode AFM without a feedback loop and in the absence of lateral
forces. This single-pass approach is based on maps of amplitude-phase-distance
curves and allows the height and phase images to be simultaneously obtained
for almost any amplitude setpoint. This is advantageous for determining the
shape and nanomechanical properties of very soft and fragile samples. As an
example, we studied supramolecular aggregates of oligothiophenes, which form
≈ 15-nm-wide fibrils with a rigid core and a soft shell.
5.2 Introduction
Intermittent-contact (IC) mode atomic force microscopy (AFM) [22, 30], also
known as amplitude modulation or tapping mode AFM, is widely used for
imaging individual nano-objects [8, 63]. The imaging of very soft and fragile
samples with IC-mode AFM, however, remains a challenge because the detailed
results strongly depend on the chosen amplitude setpoint A/A0, where A0 is the
amplitude of the freely oscillating system and A is the damped amplitude [32,33].
1This chapter has been published as “Multi-Set Point Intermittent Contact (MUSIC) Mode
Atomic Force Microscopy of Oligothiophene Fibrils” by E.-C. Spitzner, C. Riesch, R.
Szilluweit, L. Tian, H. Frauenrath and R. Magerle in ACS Macro Letters 1, 380 (2012).
©2012 American Chemical Society
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Whereas a high amplitude setpoint is desirable for an unperturbed IC-mode
AFM height image, a lower setpoint results in a better contrast in the IC-
mode AFM phase image [32]. The topographic information is often affected
by the indentation of the tip into the specimen [34], and artifacts in both the
phase image and the height image are caused by the finite response time of the
amplitude feedback loop [118, 119]. Different techniques have been developed
to resolve the aforementioned problems, but they typically require multiple
and time consuming measurements at different amplitude setpoints [32–34] or a
modified AFM setup [118,119] in order to address all of the problems.
Here, we present the use of multi-setpoint intermittent-contact (MUSIC) mode
AFM as a single-pass approach for simultaneously obtaining the height and
phase image information for almost any amplitude setpoint ratio A/A0. For this
purpose, we use maps of amplitude-phase-distance (APD) curves to emulate
IC-mode AFM without a feedback loop and in the absence of lateral forces.
The sample is mapped by pointwise measuring both the amplitude and phase
while reducing the tip-sample distance until a specified minimum amplitude
Amin is reached. In this way, we can obtain the true sample surface [34], the tip
indentation [42], quantitative information about the tip-sample interaction, [45,
47,120,121] and depth-resolved IC-mode AFM images [46].
5.3 Results and Discussion
To demonstrate the advantages of MUSIC-mode, we investigated self-assembled
nanofibrils formed from oligothiophene derivatives (Fig. 5.1a) that may be of
interest as organic semiconducting nanowires [122]. The molecules comprise
a quarterthiophene core with terminally attached oligopeptides and flexible,
hydrophobic polymer segments (hydrogenated polyisoprene). In organic sol-
vents, they self-assemble into one-dimensional aggregates (fibrils) promoted by
hydrogen bonding. MUSIC-mode AFM allowed us to determine the shape and
nanomechanical properties of these nanofibrils with nanometer resolution in
a time-efficient manner. Our results show that the nanofibrils have a rigid
core that is formed from stacked oligothiophene segments (Fig. 5.1a, red) and
their oligopeptide substituents (Fig. 5.1a, green). This helically twisted core is
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Figure 5.1 | (a) Molecular structure of the studied oligothiophene derivative.
(b-d) Sketches of structural models for the arrangement of the molecules
within a fibril deposited on a substrate (left: oblique view, right: cross-section).
(From Reference [36]©2012 American Chemical Society)
embedded into a soft shell of the terminally attached flexible polymer segments
(Fig. 5.1a, blue), which also wet the substrate (Fig. 5.1d). In the following,
we present the results for MUSIC-mode AFM imaging and compare them to
images obtained by IC-mode AFM. Fig. 5.2a shows a conventional IC-mode
AFM height image of an oligothiophene fibril. The wire-like shape of the ag-
gregate, with almost constant height, is clearly visible with the exception of
an irregularity in the lower part of the fibril. The height image was taken at
the highest setpoint that allowed for stable imaging in conventional IC-mode
(A/A0 = 0.94). Fig. 5.2b-d show the MUSIC-mode AFM height images for
different setpoints A/A0. We indentify the height image for A/A0 = 1.00 with
the shape of the unperturbed sample surface, determined as in Reference [34].
This corresponds to the first appearance of tip-sample interactions (see Chapter 1,
Fig. 1.5). The value A/A0 = 1.00 also occurs at a smaller tip-sample distance,
where attractive and repulsive interactions cancel each other. However, this
implies indentation of the tip into the sample and therefore does not represent
the unperturbed surface. Cross-sections that were determined as averages of
four adjacent rows of pixels next to the white markers in Fig. 5.2b-d are shown
in Fig. 5.2e. We consider the full width at half-maximum as an approximation
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Figure 5.2 | (a) Conventional IC-mode AFM height image of an oligothiophene
fibril (setpoint A/A0 = 0.94) deposited on a silicon-oxide-covered silicon
substrate, and (b-d) MUSIC-mode AFM height images at the setpoints A/A0 =
1.00, 0.94, and 0.80, respectively. (e) Cross-sections along the white lines
shown in (b-d). (f) Height h relative to the substrate and width w of the fibril
at half height. (From Reference [36]©2012 American Chemical Society)
of the fibril’s width, but one has to keep in mind that the measured profile
is a convolution of the actual height profile and the shape of the tip. In our
case, the full width at half-maximum decreases from 17.7 nm to 11.4 nm with
decreasing setpoint values, whereas the height of the fibril remains constant. This
indicates the presence of softer material located along both edges of the fibril,
which allows the tip to indent deeper at these points than on top of the fibril.
Figure 5.3 shows a conventional IC-mode AFM phase image for A/A0 = 0.94
(Fig. 5.3a) and MUSIC-mode phase images for the same setpoint (Fig. 5.3b)
as well as for A/A0 = 0.80 (Fig. 5.3c). Higher phase values correspond to a
more rigid material. The conventional IC-mode AFM phase image appears as
if illuminated from the left-hand side with higher phase values at the left edge
and lower values at the right edge of the fibril. This is a well-known imaging
artifact caused by the finite response time of the tip-height feedback loop [123].
Scanning across large gradients in the sample topography with conventional
IC-mode AFM often results in discontinuities in A/A0, leading to the wrong
impression of asymmetric material properties in the IC-mode phase image. The
strength of this effect depends on the tip scanning direction and velocity as well
as the feedback loop parameters. Due to the pointwise measurement of APD
curves without a feedback loop, the MUSIC-mode AFM phase images are not
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Figure 5.3 | (a) Conventional IC-mode AFM phase image (A/A0 = 0.94)
and (b) MUSIC-mode AFM phase image of the same fibril as shown in Fig. 5.2
for the same setpoint. (c) MUSIC-mode phase and (d) the effective damping
parameter αeff/m of the details (1-3) for a setpoint of A/A0 = 0.80. Detail
(1) shows a straight part of the fibril, detail (2) a defect structure, and detail
(3) the fibril’s terminus. (From Reference [36] ©2012 American Chemical
Society)
affected by this type of artifact. The phase images emulated for the setpoints
A/A0 = 0.94 and A/A0 = 0.80 (Fig. 5.3b,c) have a higher contrast with less noise
than the conventional IC-mode phase image. Both clearly reveal a symmetric
distribution of mechanical properties perpendicular to the fibril axis, with a rigid
core symmetrically lined with softer material along both edges, as indicated by
the lower phase values. The fibril’s terminus is not covered with any soft material
[Fig. 5.3c, detail (3)]. Another fibril that was oriented perpendicular to the
one shown in Fig. 5.3 was measured with the same tip and exhibited the same
structure at its terminus (not shown here). This excludes the possibility that the
discussed findings are artifacts resulting from the tip shape. The MUSIC-mode
AFM phase image for A/A0 = 0.8 (Fig. 5.3c) shows a higher contrast and less
noise than that for A/A0 = 0.94, which agrees with the often observed setpoint
dependence of IC-mode AFM phase images [32–34,124]. Our interpretation of
the phase contrast confirms the conclusions drawn from the MUSIC-mode AFM
height images at different setpoints that were obtained in the same measurement
run. It is also consistent with a quantitative analysis of tip-sample interaction
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according to Reference [47]. Lower phase values correspond to a higher effective
damping parameter αeff/m (Fig. 5.3d).
The detailed nanomechanical information obtained from a single MUSIC-mode
AFM measurement indicates which one of the several possible nanofibril models
is most likely correct. Previous investigations of related compounds [125,126]
as well as spectroscopic results suggest a helical stacking of the oligothiophene
chromophores. Some plausible structural models for fibrils deposited on a solid
substrate include flat tapes (Fig. 5.1b), stacks of tapes, as well as helical fibrils
with either a swollen polymer shell (Fig. 5.1c) or polymer segments in the
collapsed state (Fig. 5.1d). From the MUSIC-mode AFM results, the model of
single flat tapes can be excluded because the measured height of h = 2.8 nm
does not agree with the expected height h1 = 1.5 nm. Stacks of flat tapes cannot
be categorically ruled out, but are not supported by investigations of related
compounds [125]. Furthermore, since the morphology of all observed fibrils is
uniform, the presence of two-tape stacks would raise the question of what limits
further vertical aggregation. The model of a helical fibril with a swollen polymer
shell (Fig. 5.1c) can be unambiguously ruled out because the expected height
of h2 =15 nm disagrees with the measured height and because no soft material
is observed on top of the rigid core. The measured fibril height of 2.8 nm is in
good agreement with the length of the more rigid central part of the molecules
(oligopeptide-oligothiophene-oligopeptide), which has a contour length of 4 nm
(h3). At the terminus of the fibril, the helically twisted tape may be adsorbed flat
on the substrate, which does not give the polymers the freedom to explore the
space around the terminus. The helical pitch is apparently not resolved in the
AFM images. To conclude, the model of a collapsed helix (Fig. 5.1d) describes
the MUSIC-mode AFM results best.
5.4 Conclusion
In summary, MUSIC-mode AFM uses the pointwise measurements of amplitude
and phase as a function of the tip-sample distance to emulate IC-mode AFM
for multiple setpoints in only one single-pass measurement run. This procedure
resolves the dilemma of conventional IC-mode AFM in which high amplitude
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setpoints are required for minimizing the tip-indentation artifacts in height
images, but low setpoints are required for maximizing the contrast in phase
images [32–34]. MUSIC-mode AFM does not entail lateral forces, and it is not
affected by artifacts caused by the tip-height feedback loop as in conventional IC-
mode AFM. Another advantage is that all the obtained height and phase images
show exactly the same location and no image registration is needed. Furthermore,
the APD data allow for a quantitative analysis of the tip-sample interaction [45–
47]. This complements other AFM-based methods for mapping nanomechanical
properties [21, 127]. Since the instrument was in no way optimized for this kind
of measurement, we see much room for improvement, especially by using an
AFM setup designed for high-speed imaging. Compared to sequentially imaging
a sample at different setpoints, MUSIC-mode AFM is very time efficient. The
data shown here were measured in 30 min. Since the data acquisition protocol is
already implemented in most commercial atomic force microscopes, we consider
MUSIC-mode AFM to be a versatile method for studying supramolecular and
polymeric nanostructures as well as biological matter.
5.5 Materials and Methods
The oligothiophene derivatives were synthesized following the principles described
in Reference [128]. In solution, the molecules self-assemble into fibrillar aggregates.
The fibrils were deposited by spin-casting from a 1,1,2,2-tetrachlorethane solution
onto a polished silicon-oxide-covered silicon substrate. All AFM measurements
were performed under ambient conditions using a silicon cantilever (Pointprobe®
NCH, NanoWorld AG, Neuchâtel, Switzerland) with resonance frequency ω0 =
295.779 kHz, spring constant k = 32.3 N/m (determined as in Reference [73]), and
quality factor Q = 640. The AFM used was a NanoWizard I (JPK Instruments
AG, Berlin, Germany). An array of 25 by 100 APD curves (free amplitude
far away from the surface ≈ 24 nm, A0 = 19 nm, Amin = 15 nm and
ω = 0.9995 · ω0 = 295.631 kHz) was measured on an area of 125 nm by 500 nm.
This set of data incorporates the height and phase values as a function of the
damped amplitude A down to Amin. Therefore, the MUSIC-mode AFM height
images for a large range of setpoints (here 1.00 to 0.79) can be reconstructed. The
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precise determination of A0 and therefore of A/A0 is not trivial in conventional
IC-mode AFM (see Chapter 1 for a more detailed discussion). In MUSIC-mode
AFM, the free amplitude A0 is determined for every single pixel right before the
onset of the tip-sample interaction. This leads to a much more accurate setpoint
determination, which is only limited by the precision of the amplitude detection.
In this way, it is also possible to correct for changes of the free amplitude during
imaging. The height image for A/A0 = 1.00 corresponds to the shape of the
unperturbed sample surface, determined as in Reference [34]. It is the position
where attractive forces first cause a phase change when the tip approaches the
surface. The value A/A0= 1.00 also occurs at a smaller tip-sample distance,
where attractive and repulsive forces cancel each other. However, at this point,
the tip indents into the sample and therefore does not represent the unperturbed
surface.
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6 MUSIC-Mode AFM of
Moderately Swollen Type I
Collagen Fibrils in Humid Air
6.1 Abstract
We have observed and characterized native collagen fibrils (type I) with multi-
setpoint intermittent-contact mode (MUSIC-mode) atomic force microscopy.
We examined purified collagen, isolated from bovine hide that forms fibrils via
self-assembly. Collagen fibrils were adsorbed onto a silicon substrate and imaged
in-situ in air at 28% relative humidity (RH), in a moderately swollen state
at 78% RH, as well as dried again at 28% RH. We found that the swelling
of collagen fibrils is not a uniform process. A large fibril showing the typical
≈ 67 nm D-band structure displayed reversible, marginal swelling. In regions
where no collagen D-band structure was observed in the initial state, irreversible
rearragement processes of collagen material took place. Furthermore, at 28%
RH the D-band structure appears in the fibril’s shape, whereas at 78% RH it is
visible as a periodic variation in the mechanical properties.
6.2 Introduction
Collagen is a protein material which is an abundant constituent of all vertebrates.
It can be found in various types of tissue, for example skin, tendon, teeth and
bone [129]. Fibrils of collagen form complex hierarchical structures [130]. A
surprising variety of different mechanical characteristics can be setup from the
same kind of molecule, just by different arrangements of the fibrils: Bone is
a stiff, robust material which stabilizes vertebrates. Tendon exhibits tensile
strength, but is flexible perpendicular to the main axis, and skin is flexible in
general to a certain extent. Nevertheless, all these tissues are mainly made
of collagen. Here, we focus on purified type I collagen isolated from bovine
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hide [131] that self-assembles into fibrils in buffer solution. Studies of the collagen
type I structure have shown a complex hierarchical arrangement [129,132].
Figure 6.1 | Schematic of the hierarchical structure of a collagen fibril built
of protein. (From Reference [130]. ©2011 The National Academy of Sciences
of the USA)
A comprehensive review of the structure of collagen is given in Reference [129].
The collagen itself is a macromolecule which consists of many amino acid se-
quences “YaaXaaGly”, where Yaa and Xaa are certain amino acids and Gly is
glycine flanked by short telopeptide chains [129,133]. The sequences of amino
acids in the Yaa and Xaa positions define the different types of collagen [129].
Three collagen protein molecules form a left-handed triple helix connected by
hydrogen bonds, which is called tropocollagen. The length of the molecules and
also of the tropocollagens is ≈ 300 nm for type I collagen. Computer simulations
have shown that this length represents the optimum length for favorable me-
chanical properties [130,134]. The diameter of a tropocollagen is ≈ 2 nm. Five
tropocollagens assemble into a so called microfibril and these microfibrils are
hexagonally packed within a collagen fibril. The local packing of tropocollagen
has been measured in-situ with x-ray fiber diffraction [135]. In the literature,
the presence of microfibrils as a structural level between tropocollagen and fibril
is not always mentioned (for example in [130, 134, 136]). The tropocollagens
themselves consist of four 67 nm long blocks with a characteristic amino acid
sequence, plus a 32 nm long moiety.
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Figure 6.2 | Schematic of the alignment of tropocollagens resulting in the
67 nm D-band structure. (Reprinted from Reference [137], ©2006 with
permission from Elsevier.)
Due to the interaction of charged, hydrophobic and hydrophilic amino acids
along the molecular backbone and in the sidechains, the tropocollagens align
along these 67 nm blocks (Fig. 6.2) [129,137–139]. This leads to a gap of 35 nm
between two uniaxial tropocollagens. Furthermore, two neighboring rows of
tropocollagen overlap next to the gap for a length of 32 nm. Together, this
is the origin of the observed D-band pattern along collagen fibrils with the
characteristic period of 67 nm (Fig. 6.3).
The structural arrangement of tropocollagen in collagen fibrils is similar to the
columnar order in liquid crystals. In the presence of water, the tropocollagens
are oriented along the fibril’s axis and can be therefore denoted as a lyotropic
smectic liquid crystal. In the literature this analogy is used for the notation of
the ordering in collagen fibrils [140–142].
Figure 6.3 | Schematic of the origin of the characteristic type I collagen
D-band structure. (After Reference [138])
The mechanical properties of collagen have been extensively studied with
AFM-based methods [136,143–146]. Furthermore, differences in the mechanical
properties between fibrils in dry environment and in presence of buffer solution
have been investigated [147]. Grant et al. measured the elastic modulus of type I
collagen extracted from bovine Achilles tendon with AFM-based nano-indentation.
It has been found that the elastic modulus decreases from 1.9±0.5 GPa in the dry
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state to 1.2±0.1 MPa when measured in buffer solution [147]. In this work we
focus on the influence of moderate swelling on type I collagen fibrils, and compare
the same fibrils in ambient conditions and in humid air. The dry fibril was not
further dehydrated by heating to avoid destruction of the fibril structure [148],
and humid air was used to avoid AFM measurements in water.
6.3 Materials and Methods
We investigated purified collagen, isolated from bovine hide (PureCol™, INAMED,
Fremont, USA). It was purchased as an aqueous solution (3 mg/ml) with pH 2.
The preparation procedure is described in Reference [131]. A drop of buffer
solution (30 µl, L-Glycin/KCl, pH 9.2) was deposited on a freshly cleaved mica
substrate and 2 µl of the collagen solution were injected. After 60 minutes
adsorption time on mica, 60 µl of buffer solution was injected and individual
collagen fibrils were picked up with a micropipette and deposited on a silicon
surface. Prior to deposition, the silicon substrate (1×1 µm2) was cleaned for
20 minutes in a 1:1 solution of acetone/toluene. Afterwards, the substrate was
removed from the cleaning solution, mounted on a heating plate (150°C) and
residual contamination was removed with a jet of carbon dioxide [111]. The
collagen film was spread with a micropipette. After drying the collagen on the
silicon surface in air, we flushed the sample surface with distilled water to remove
residual buffer crystals. This procedure resulted in more or less isolated collagen
fibrils deposited on a silicon substrate. The AFM measurements were performed
in MUSIC-mode (see Chapter 5 for a detailed discussion of this particular
AFM mode) using a Nanowizard I instrument (JPK Instruments AG, Berlin,
Germany). The AFM cantilever (Pointprobe® NCH, NanoWorld AG, Neuchâtel,
Switzerland) had a resonance frequency of ω0 = 280.526 kHz, a quality factor
Q = 449, and spring constant k = 21.1 N/m (determined as in Reference [73]).
The nominal tip radius was < 10 nm as specified by the manufacturer. At
78% RH, the cantilever parameters changed to ω0 = 280.510 kHz, Q = 454,
and k = 21.2 N/m. Reducing the relative humidity to 28%, the values were
determined as ω0 = 280.362 kHz, Q = 242, and k = 11.7 N/m. Fig. 6.4 shows a
schematic of the home-built setup with a sealing ring and a washing bottle filled
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Figure 6.4 | Schematic of the in-situ humidity controlled AFM measurement
setup. It consists of the Nanowizard I AFM head and a aluminum ring with a
lip seal made of rubber, enclosing the area around the sample. The humidity is
provided by air, piped through a washing bottle filled with water and measured
with a sensor in the humidity cell.
with water that allowed for a controlled humidity. The setup is very similar to
commercially available ones, like the “Humidity Sensing Cell” by Asylum Research
(Santa Barbara, USA) [149]. In our case, the humidity was regulated with the
pressure reducer of the pressurized air supplying device. The resulting humidity,
as well as the temperature, was measured with a SHT75 sensor (Sensirion AG,
Staefa, Switzerland) and recorded every minute with a connected PC. In Fig. 6.5,
Figure 6.5 | Relative humidity (blue) and temperature (red) as function of
time. The gray areas mark the time periods, when the AFM measurements
were done.
the obtained temperature and humidity data is plotted as a function of time.
The whole experiment took approximately 2 days. Besides a small variation due
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to the night and day cycle, the temperature was constant during the experiment
(variations within 1°C). The short drop in the relative humidity (at t = 18 h) was
caused by a accidental breakdown of the pressurized air supply for a few minutes.
We imaged the sample with AFM at initial conditions at 28% RH, after swelling
for 20 h at 78% RH, and 15 h after we switched off the air flow that provided
the elevated humidity (imaging at 28% RH). Prior and after the MUSIC-mode
measurements, the sample was imaged with intermittent-contact (IC) mode
AFM in order to determine the thermal drift in x-y-direction that took place in
the meantime. It turned out that the thermal drift was negligible, therefore, no
registration of the MUSIC-mode images was necessary (see Chapter 4 and 5 for
a more detailed discussion of effects caused by thermal drift).
For reconstructing MUSIC-mode AFM images, in each case three arrays of
50 × 50 APD curves were measured in the dry state (28% RH), in the swollen
state (78% RH), and after the swelling (28% RH). Arrays 1 and 3 enclosed an
area of 500 × 500 nm2 (10 nm distance between the individual APD curves).
Array number 2 was measured with a higher lateral resolution and a size of
250 × 250 nm2 (5 nm distance between the individual APD curves). The APD
curves were obtained at the resonance frequency of the cantilever, the free
amplitude A0 was measured to be 43 nm and the minimum amplitude Amin was
set to 10 nm. This allowed for the reconstruction of MUSIC-mode AFM images
for amplitude setpoints down to A/A0 ≈ 0.25. We present MUSIC-mode height,
phase, and αeff/m images. Maps of the effective damping parameter αeff/m were
calculated as described in Reference [47]. The negative values for αeff/m in some
of the images of αeff/m are attributed to the too large damping at small setpoints.
The model used for determining αeff/m is based on a harmonic approximation
of the cantilever’s motion [47], which is not necessarily the case for very small
amplitude setpoints. All height images were 1st order flattened. The other maps
were not postprocessed. Fig. 6.6 shows IC-mode height and phase images of
the areas where the MUSIC-mode images were measured, as indicated by the
dashed lines. The detailed MUSIC-mode images will be discussed later. Small
positional variations of the imaged area in the dry and the swollen state are
possible. Nonetheless, within one series of MUSIC-mode images, every map
shows exactly the same spot. First of all, Fig. 6.6 indicates that no major changes
in the arrangement of the individual collagen fibrils occurred between the initial
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Figure 6.6 | IC-mode height (a) and phase image (b) of the investigated
sample before and after the experiment (c-d). The dashed lines mark the areas
where the MUSIC-mode images were measured.
state (Fig. 6.6a,b) and the final state after the 2-day-experiment (Fig. 6.6c,d).
The small differences in the phase and height values can be explained by the
different amplitude setpoints, these IC-mode images were measured at (Fig. 6.6a,b
A/A0 = 0.8; Fig. 6.6c,d A/A0 = 0.9). After the experiment, the substrate appears
to be structured. This is presumably caused by a thin collagen layer on top
of the silicon surface. A so called “collagen floor” has also been observed in
Reference [150]. MUSIC-mode image number one was recorded at a position
where a single collagen fibril with a width of ≈ 100 nm exhibited the typical D-
band structure of type I collagen. The second MUSIC-mode image was measured
with higher lateral resolution on a thinner fibril (width ≈ 80 nm), showing the
D-band structure in the phase image after drying. The third MUSIC-mode
image was measured on a collagen fibril that formed a loop.
Before, during, and after swelling, we measured the mean D-band spacing
over every fibril on 4 × 4 µm2 IC-mode AFM images. Within the error of the
measurement (< 1 nm), no deviations from the 67 nm value were found. This
indicates that the collagen structure was kept intact. Other studies, where the
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collagen was further dehydrated by heating for several hours, report that in
the dry state the D-band spacing value decreases and defects in the structure
occur [148].
6.4 Reversible Swelling of a Fibril (Array 1)
6.4.1 Results
Fig. 6.7 shows the unperturbed surface (MUSIC-mode images, amplitude setpoint
A/A0 = 1.00) of the collagen fibril at 28% RH (a), at 78% RH (b), and dried
again at 28% RH (c). On the left-hand side, the height image is displayed in
gray scale and on the right-hand side as a 3D plot with a texture in a common
yellow-brown color scheme, corresponding to the height values. In the dry state
at 28% RH (Fig. 6.7a,c), a periodic undulation of the fibril’s shape is visible in
both display variants. It is also seen in the IC-mode height images (Fig. 6.6a,c).
In the moderately swollen state at 78% RH, the undulations are less distinct. In
the 3D visualization (Fig. 6.7, right-hand side), due to the favorable ilumination,
one can see that small corrugations of the shape are still present. We attribute
the periodic undulations in the fibril’s shape to the collagen D-band structure,
due to its 67 nm spacing. At 78% RH, the D-band structure is less distinct.
After the swelling, the shape appears the same as it does in the initial state.
This points towards a reversible swelling behavior.
For studying the influence of humidity on the material properties, Fig. 6.8
shows the MUSIC-mode phase images at three different amplitude setpoints,
representing light (A/A0 = 0.90), medium (A/A0 = 0.50), and hard tapping
conditions (A/A0 = 0.30). In the initial state at 28% RH, the fibril shows similar
phase values as the silicon substrate (that is presumably covered with a thin
collagen floor). The overall contrast is increasing with decreasing amplitude
setpoint, but no drastic variations in the phase values are present along the axis
of the fibril. Only a weak, periodic variation in the phase values is noticeable.
Furthermore, a darker area at the upper edge of the fibril is present. At 78% RH,
considerable changes in the phase images appear. Instead of the mostly uniform
phase values across the fibril’s surface, a D-band structure has formed with lower
phase values at both edges and a periodical pattern along to the fibril’s axis.
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Figure 6.7 | MUSIC-mode images of the unperturbed surface (A/A0 = 1.00)
of a collagen fibril at 28% RH (a), at 78% RH (b), and dried again at 28%
RH (c). Left: height image displayed as gray scale maps. Right: 3D rendering
with the colored height image as texture. The surface is iluminated from the
right-hand front side.
The contrast is increasing with decreasing amplitude setpoint. To check for
the viscous behavior, Fig. 6.9 displays the effective damping parameter αeff/m,
which represents the dissipative contribution to the tip-sample interaction. The
images of αeff/m display an opposite contrast, compared to the MUSIC-mode
phase images (Fig. 6.8). Furthermore, the contrast in the images of αeff/m is
larger and therefore the D-band structure is better visible.
To quantify the amount of swelling of the fibril, twelve height profiles perpen-
dicular to the fibril’s axis were obtained (Fig. 6.10). The mean height profile
was calculated for each of the three situations in the experiment. The results
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Figure 6.8 | MUSIC-mode phase images (relative scale) for the setpoints
A/A0 = 0.90, A/A0 = 0.50, and A/A0 = 0.30. The left column shows the
collagen fibril at 28% RH (before), the middle column at 78% RH, and the
right column at 28% RH (after).
(Fig. 6.10b, Table 6.1) show that the fibril’s height increases about 2.2 nm and
the full width at half maximum (FWHM) changes from 114 nm to 117 nm.
6.4.2 Discussion
All effects due to the elevated humidity are fully reversible and the fibril exhibits
the same shape and dimensions after the swelling. Whether the increase of the
collagen volume is due to a water film that forms on the fibril’s surface, or water
swelling the fibril (or a combination of the two), cannot be clearly resolved in this
experiment. The fact that the depth of the fibril’s grooves is visibly decreasing
in the swollen state (Fig. 6.7a,b,c, left) indicates an inhomogeneous swelling
behavior, namely that the gap region is swelling more than the overlap region.
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Figure 6.9 | MUSIC-mode images of αeff/m for the setpoints A/A0 = 0.90,
A/A0 = 0.50, and A/A0 = 0.30. The left column shows the collagen fibril
at 28% RH (before), the middle column at 78% RH, and the right column at
28% RH (after).
The material properties are displayed in the images of the phase (Fig. 6.8) and
the effective damping parameter αeff/m (Fig. 6.9). Higher values in the phase
can be interpreted as stiffer material. This is supported by the images of the
effective damping parameter. The higher stiffness leads to a lower damping of
the tip, resulting in an inverted contrast of the damping image, compared to the
phase image. At 28% RH, the fibril exhibits a more or less homogeneous, high
stiffness (similar values compared to the stiff substrate). At 78%, the visible
ladder-like structure corresponds to the D-band structure of the collagen with
softer material in the gap regions and along both sides of the fibril. After drying,
the fibril exhibits the same morphology as in the initial state. This is in line
with the reversible behavior of the height profiles as discussed before.
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Figure 6.10 | Mean height profile of the collagen fibril in the dry and swollen
state (b), calculated from twelve cross sections at the positions marked in (a).
height h [nm] FWHM [nm]
dry (before) 14.1 114
swollen 16.3 117
dry (after) 14.1 114
Table 6.1 | Values for the height and the width (FWHM) of the collagen
Fibril 1, determined from the profiles shown in Fig. 6.10. The accuracy of the
height is estimated at 0.5 nm, and that of the FWHM at 1 nm.
The darker area in the phase images (and brighter in αeff/m) at the upper
edge of the fibril is not attributed to the mechanical properties. Because there
is no reason for a mechanical inhomogeneity of the collagen fibril and the dark
(bright) areas in the images correspond to the orientation of the image and not
to that of the fibrils, it is most likely an effect of an asymmetric shape of the
AFM tip. The possibility of an artifact caused by the AFM feedback loop can
be ruled out, since no feedback loop is used during MUSIC-mode measurements.
The dark (bright) thin line in the upper right corner of the phase (αeff/m) image,
nearly vertically oriented to Fibril 1, can be attributed to another fibril, crossing
Fibril 1.
In the IC-mode AFM images, the D-band structure was always visible as a
feature of the fibril’s shape in the height image, as well as a periodic variation of
the mechanical properties in the phase image, both at 28% and 78% RH. The
MUSIC-mode images, which allow an investigation in much more detail, show
that the 67 nm D-band structure is an undulation of the fibril’s surface in the dry
state which decreases while swelling in humid air. The opposite effect is observed
for the material properties that are visible in the images of the phase value and
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the effective damping parameter. Here, the fibril exhibits less contrast in the dry
state and a dictinct periodic material contrast in the swollen state. The reason
for this behavior is that the volume of the gap region increases more and becomes
softer in the swollen state, compared to the overlap region. The explanation
might be found in the bonds that keep the tropocollagen in a fibrillar shape.
Among themselves, the tropocollagens are connected by two types of hydrogen
bonds, direct ones between individual proteins and others that are formed via a
bridge of water molecules [138,151]. Molecular dynamics simulations show that
the number and type of hydrogen bonds is not distributed uniformly along a
tropocollagen, but it varies periodically with the periodicity of the amino acid
sequences [138]. In the gap region, the local density of both types of hydrogen
bonds is lower than in the overlap regions (44% less direct interprotein hydrogen
bonds, 34% less interprotein water bridges) [138]. This means that more water
can be extracted from the gap region by drying the fibril, because less water
molecules are bound by a hydrogen bond. During the exposure to humid air,
these inhomogeneities might explain the anisotropic swelling behavior.
Note that in the dry state at 28% RH, the mechanical properties of the fibril are
also measurably different in the gap and overlap region [136], but the differences
are enhanced a lot by the swelling process. In the dry state, the differences are
attributed to the lower collagen density within the gap region [130].
6.5 Irreversible Swelling of a Fibril (Array 2)
6.5.1 Results
The results discussed before, consider a ≈ 100 nm-wide fibril showing the typical
67 nm periodicity in the initial state. Now we focus on a smaller fibril (width
≈ 80 nm, height ≈ 9 nm) that only weakly shows the characteristic D-band
structure before swelling (Fig. 6.6a,b).
Figure 6.11a-c shows the shape of the unperturbed surface of the fibril. No
periodic variations are visible in Fig. 6.11a (left). The high-structure color scale
image (Fig. 6.11a, middle), which pronounces small differences in the height
values, also does not show a regular pattern. The same holds for the swollen state
at 78% RH, whereas after drying the fibril again (at 28% RH), it exhibits a regular
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Figure 6.11 | MUSIC-mode AFM height images (A/A0 = 1.00) of the
unperturbed surface of a ≈ 80-nm-wide collagen fibril at 28% RH (a), at 78%
RH (b), and after drying at 28% (c). The images are shown in grayscale (left),
a high-structure colorscale that highlights small variations (middle) and in a
3D rendering (right).
undulation of the shape. This effect is barely noticeable in the grayscale image
(Fig. 6.11c, left), but the high-structure color scale uncovers four distinctive
maxima with a spacing of about 67 nm in the height image (Fig. 6.11c, middle).
Fig. 6.12 shows the MUSIC-mode AFM phase images of Fibril 2. In the initial
state, only tiny variations of the phase values along the fibril are visible. Again, a
dark area at the top edge of the fibril is present. The situation changes drastically
in the swollen state. Already at a high amplitude setpoint of A/A0 = 0.90, a
good contrast is visible in the phase maps. This contrast increases further for
decreasing amplitude setpoints (A/A0 = 0.50 and A/A0 = 0.30). Along both
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Figure 6.12 | MUSIC-mode AFM phase images (relative values) of the second
collagen fibril at amplitude setpoints of A/A0 = 0.90, A/A0 = 0.50, and
A/A0 = 0.30. The images show the fibril in the dry state (28% RH, left), the
swollen state (78% RH, middle), and dried again after the swelling (28% RH,
right).
edges and in the gap region of the fibril, lower phase values appear. After drying
over night and measuring again at 28% RH, the fibril shows only small variations
in the phase image, nevertheless, a periodic undulation is slighty visible, as it
was in the dry state images of the Fibril 1 (Fig. 6.8).
Figure 6.13 shows maps of the effective damping parameter αeff/m. The images
show an inverted bright-dark contrast compared to the phase images (Fig. 6.12),
as it was the case for Fibril 1. In the swollen state at 78% RH, the fibril also
exhibits a strong contrast with continuous, bright areas along both edges and
bright stripes, perpendicular to the fibril’s axis. In the dry states at 28%, before
and after swelling, a variation in the values of αeff/m is barely visible.
Fibril 2 does not exhibit a reversible swelling behavior like the previous one.
During swelling, the shape of the fibril changed significantly, which is best visible
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Figure 6.13 | MUSIC-mode AFM images of the effective damping parameter
αeff/m. The images show the second collagen fibril investigated at amplitude
setpoints of A/A0 = 0.90, A/A0 = 0.50, and A/A0 = 0.30 in the dry state
(28% RH, left), the swollen state (78% RH, middle), and dried again after the
swelling (28% RH, right).
in the 3D rendering of the MUSIC-mode height images at A/A0 = 1.00 shown
in Fig. 6.11a-c. The collagen appears to flow and the height of the fibril is
decreasing, whereas the width is increasing. To quantify this effect, height
profiles have been measured (Fig. 6.14, Table 6.2).
As it is visible in Fig. 6.14, the substrate is not perfectly aligned. This is
caused by the small number of pixels that correspond to the substrate on the left
side of the fibril. These are needed for an accurate leveling of the substrate with
a 1st order flattening procedure. Thus, the errors for the values of the height
and width in Table 6.2 are slightly larger than those in Table 6.1. Nevertheless,
a broadening of Fibril 2, together with a decrease in the height can be seen at
78% RH. After drying, Fibril 2 does not adopt its initial shape.
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Figure 6.14 | Mean of ten height profiles perpendicular to the fibril in the
dry (red), the swollen (blue), and the dry state after the swelling (black).
height h [nm] FWHM [nm]
dry (before) 8.7 73
swollen 7.1 84
dry (after) 7.1 87
Table 6.2 | Height values and the width (FWHM) of Fibril 2 shown in
Fig. 6.11. The accuracy of the height is estimated at 0.75 nm, and that of
the FWHM at 1.5 nm.
6.5.2 Discussion
The contrast due to the D-band structure increases during swelling. The unper-
turbed surface of the fibril does not display a D-band structure in the initial
state (Fig. 6.11a) and at 78% RH (Fig. 6.11b), but the maxima with a ≈ 67 nm
spacing, visible after the swelling, can be attributed to a D-band structure that
has formed.
Figures 6.12 and 6.13 show the MUSIC-mode images of ϕ and αeff/m which
correspond to maps of local mechanical properties. Lower values in the phase
can be interpreted as softer material, which is supported by larger values of the
effective damping in these regions. As in the case of Fibril 1, we attribute the
dark edge on the upper side of the fibril (bright edge in Fig. 6.13), that appears
in all phase images in the dry state (Fig. 6.12), to the asymmetric shape of
the AFM tip. In the initial state, the fibril only exhibits tiny variations in the
mechanical properties along the main axis, which may be tentatively attributed
to a D-band structure (Fig. 6.8, left column and Fig. 6.9, left column). In
the swollen state at 78% RH, Fibril 2 exhibits a strong contrast, with softer
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areas along both edges and in the gap area of the fibril. The higher contrast in
the images of αeff/m, shows that the contrast mechanism in the phase image is
mostly caused by the dissipative contribution to the tip-sample interaction. After
drying, at 28% RH, the mechanical properties are again almost homogeneous,
but the D-band structure is still slightly visible.
The presented results for Fibril 2 mostly resemble the results from Fibril 1. In
the dry state at 28% RH, only a very small contrast is present in the mechanical
properties. In the swollen state, the gap region becomes softer compared to
the overlap region of the tropocollagens. The main difference between Fibril
1 and 2 is the non-reversible swelling behavior. Fibril one exhibited the same
shape at 28% RH, before and after the swelling procedure. In contrast, Fibril 2
changed its shape significantly by decreasing its height and increasing its width.
Furthermore, in the MUSIC-mode images, the D-band structure is clearly visible
in the swollen state and slightly visible in the dry state after swelling, but barely
in the initial dry state. This indicates a rearrangement of the tropocollagens
during the swelling process towards the D-band structure.
6.6 Collagen Loop (Array 3)
6.6.1 Results
The third MUSIC-mode measurement was done on a fibril forming a loop.
Furthermore, the width of the fibril changes significantly along the loop (Fig. 6.15).
The left column in Fig. 6.15 shows MUSIC-mode height images of the unperturbed
surface (A/A0 = 1.00) displayed with a gray scale. In the initial state, starting at
the lower right corner, the fibril goes more or less straight upwards, then it bends
clockwise, crosses itself, and proceeds straight to the lower left corner. A distinct
hole is visible within the loop. Furthermore, the color scale image (Fig. 6.15a,
middle column, top) reveals that there is no periodic variation in the height. In
the swollen state (Fig. 6.15b), the structure of this collagen fibril changed. First
of all, the hole within the loop disappeared. Furthermore, the width of the fibril
broadened, and its height decreased. A slight variation of the surface shape is
visible, that is best seen in the 3D image (right). After drying the sample again,
the fibril did not adopt its initial shape, but it appears even more broadened
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Figure 6.15 | MUSIC-mode images of a loop-forming fibril (unperturbed
height, A/A0 = 1.00). (a) Initial state at 28% RH; (b) Swollen state at 78%
RH; (c) After drying at 28% RH.
(Fig. 6.15c). An undulation with six maxima in the height values is weakly
noticeable (Fig. 6.15c, color scale image). Fig. 6.16 shows the MUSIC-mode
phase images of Fibril 3. In the dry state at 28% RH (Fig. 6.16, left column),
the overall phase contrast increases for decreasing amplitude setpoints, but no
differences in the phase values appear along the fibril. During swelling (78%
RH, Fig. 6.16 middle column), the phase image of the fibril changes. The phase
values along the fibril are lower compared to the surrounding substrate, which is
presumably covered by a thin collagen floor. Furthermore, six brighter spots with
higher phase values are visible with 67 nm spacing between the spots. The hole
in the loop is no longer present. After drying (Fig. 6.16, right column), the fibril
exhibits similar phase values compared to the substrate and a small, periodic
undulation. The maps of the effective damping parameter αeff/m (Fig. 6.17)
show with enhanced and inverted contrast the same effects as the phase images
(Fig. 6.16).
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Figure 6.16 | Gray scale MUSIC-mode phase images of a collagen fibril
forming a loop for amplitude setpoints of A/A0 = 0.90, A/A0 = 0.50, and
A/A0 = 0.30 for the aforementioned swelling states.
The first aspect attracting attention is the fact that the swelling behavior
is not reversible. The shape of the surface changes drastically (Fig. 6.15) and
does not adopt its initial state after drying. At 28% RH before the swelling, no
features in the height images can be attributed to a collagen D-band structure.
At 28% after the swelling, six distinct protrusions are slightly visible (best seen in
the color scale image in Fig. 6.15, middle, bottom). These corrugations indicate
the appearance of a D-band structure. As in the case of Fibril 2, the D-band
structure formed during the swelling at 78% RH. A more detailed view on the
changes of the fibril’s shape is given in Fig. 6.18. Four different height profiles
(at positions indicated in Fig. 6.18a-c) have been extracted from the unperturbed
MUSIC-mode height images at the same position in the initial state (28% RH),
the swollen state (78% RH), and after drying (28% RH). The first height profile
(Fig. 6.18d) shows the disappearance of the hole in the loop. In the initial state
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Figure 6.17 | MUSIC-mode images of the effective damping parameter αeff/m
at amplitude setpoints of A/A0 = 0.90, A/A0 = 0.50, and 0.30. Left column:
Dry (28% RH), middle column: swollen (78% RH), and right column: dryed
again (28% RH).
(red curve), it is clearly visible, even the different heights of both parts of the
fibril can be distinguished. The left part of the fibril is higher and thus likely the
one on top at the point where the fibril is crossing itself. In the swollen state
(blue curve), material moved into the hole region and a closed surface is visible,
where a hole was present in the initial state. The material appears to behave like
a fluid, trying to decrease the surface area. This effect is not reversible, because
after drying the fibril (black curve), the shape basically remains the same. The
only difference is that the width increased a little compared to the swollen state.
The second height profile (Fig. 6.18e) is taken at the position where the fibril
crosses itself. It indicates that the shape is basically maintained, but the overall
height of the fibril decreased and the height profile broadens, going from the
initial (red), over the swollen (blue), to the state after drying the fibril (black).
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Figure 6.18 | (a-c) Unperturbed MUSIC-mode height images (A/A0 = 1.00)
of collagen fibril three. (d-g) Cross section obtained at the positions indicated
with a white dashed line in (a-c). (h-j) Comparison of a height profile of a gap
and a overlap region in both dry states (28% RH) and the swollen state (78%
RH).
A very interesting effect is indicated by the profiles number 3 and 4 (Fig. 6.18f,
g). These are taken at positions, where a D-band structure is visible after drying
the fibril. Profile 3 represents an overlap region and shows that the height remains
constant during swelling (red, blue), while the fibril broadens only slightly. After
drying, the width remains constant compared to the swollen state (blue, black),
but the height has decreased, like it does at all the other investigated positions.
Another effect shows up at a gap region (Fig. 6.18g, profile 4). Here, the height
(red) decreases during swelling (blue) and almost remains at this value after
drying (black). Also, no broadening is visible. For a better understanding, in
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Fig. 6.18h-j, the overlap (solid curve) and gap (dashed curve) profiles are directly
compared for the dry state (red), swollen state (blue), and after drying the fibril
(black). From these plots, the conclusion can be drawn that the D-band formed
during the swelling, because no height contrast is visible in the initial state,
but is present in the swollen state. The height contrast slightly decreases after
drying, but a distinctive D-band pattern remains.
6.6.2 Discussion
The fibril’s mechanical properties change during swelling and drying similar as
those of Fibrils 1 and 2. In the initial dry state (28% RH), no variations are
present along the fibril. The phase values are similar to those of the substrate
(presumably covered by a thin collagen floor) which indicates stiff material.
Furthermore, no periodic differences are present, as it was the case for Fibril 2.
During swelling (78% RH, Fig. 6.16 middle column), a D-band structure appears
with softer (darker) gap areas and stiffer (brighter) overlap regions. Together
with the softer edges along the fibril, they again form the ladder-like pattern in
the material contrast. This effect is present for the broader part of the fibril,
starting in the lower right corner of the image, all the way up to the loop, where
now the hole is no longer visible. The rest of the fibril, which comprises the
thinner part starting from the loop to the lower left, does not develop any kind of
characteristic contrast in the mechanical properties (with a stiffness comperable
to the gap region in the broader part of the fibril). Therefore, this part of the
fibril has likely not developed a D-period. The interpretation of high phase values
as stiff material (and vice versa), is supported by the images of the effective
damping parameter αeff/m (Fig. 6.17). Higher damping values are observed at
positions we attribute to softer material in the phase images. Furthermore, in
the images at amplitude setpoints of A/A0 = 0.90 and A/A0 = 0.50 (Fig. 6.17
lower right maps) at 28% RH, the D-band structure that formed during swelling
is still slightly visible.
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6.7 Model
As discussed in detail above, Fibrils 2 and 3 differ in their swelling behavior
compared to Fibril 1. First of all, the general shape of Fibril 1 remains constant
over the experiment and the small increase of height and width during swelling
is reversible. For Fibrils 2 and 3 the situation is different. The overall shape
spreads during swelling, as seen in several height profiles, and is not restored by
drying the fibrils. This shape change corresponds to that of a fluid that spreads
on a substrate and it corroborates the liquid crystalline structure of collagen
fibrils in the swollen state [140–142].
The reason for this behavior can be found in the inner structure of the collagen
fibrils. The tropocollagens are densely packed with a hexagonal order of next-
nearest neighbors [129, 130]. The fact that almost no indication of a D-band
structure is found in the initial state for Fibrils 2 and 3 suggests that the
self-assembly of the tropocollagens did not yet resulted in an alignment of the
tropocollagens along the 67 nm period of the amino acids. Nevertheless, the
bonding between the tropocollagen triple helices is strongest, if this alignment
is present [137, 138]. Together with the observation that the self-assembly
process and therefore the mobility is driven by the interplay of collagen and
water [138,151,152] (in this experiment provided by an elevated relative humidity),
this can lead to a rearrangement of the tropocollagen triple helices visible as
a broadening and a decreasing height of the fibril. This could also explain the
constant shape of Fibril 1. This one showed a clear D-band structure in the
initial state, indicating that the tropocollagens are aligned and therefore bound
in the most stable way the interprotein structure allows [137, 138]. Therefore,
there is no reason why a further rearrangement of the tropocollagens should
occur and the water swelling the fibrils is not able to weaken the bonds between
the tropocollagens, which would enable a flow of material.
The appearance of a D-band structure after swelling and drying in fibrils, which
did not show a D-band structure in the initial state, points towards an ongoing
self-assembly process in the presence of water. The largest rearrangements took
place for Fibril 3, which initially differed most from the known gap-overlap
structure of collagen fibrils.
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Figure 6.19 | Schematic of the liquid crystalline order of a collagen fibril
consisting of ten parallel rows of tropocollagens. Columnarly ordered, nematic
liquid crystalline phase (a) and smectic liquid crystal (b) with further alignment
along the 67 nm amino acid repeating unit.
A model of the ongoing processes is given in the following. The model does not
consider the presence of microfibrils. However, because only the 67 nm repeating
unit is required for the model, this simplification does not alter the result. As is
widely known [129,132], the collagen fibrils consist of tropocollagens arranged
parallel, which are hexagonally packed. In the literature an analogy to liquid
crystals is often drawn due to the similar columnar ordering [140–142]. Due to
the fibrillar structure of the investigated collagen, the smooth surface and the
absence of branches, a columnar structure within all three fibrils is considered to
be most likely. This constitutes a nematic structure in the language of liquid
crystals. If the individual tropocollagens are further aligned along their 67 nm
repeating units, they form a smectic phase. The nematic and the smectic phase
can be distinguished in the images by the distinctiveness of the D-band structure.
If the tropocollagens are aligned along the fibril’s axis, all gaps and overlaps are
aligned and form an undulation in the fibril’s shape in the dry state. Fig. 6.19
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illustrates scematically this effect for ten parallel rows of tropocollagens. The
67 nm amino acid sequences are alternately colored in black and yellow. The
vertical lines separate blocks with a certain number of overlapping tropocollagens.
The number is displayed below the fibril. Above the fibril, the fibril’s surface is
schematically shown as a line plot. In Fig. 6.19a a just columnarly ordered array
of ten rows of tropocollagens form a nematic liquid crystal. Due to the missing
alignment along the 67 nm repeating unit, the gaps exhibit different lengths
and the gaps and overlaps are distributed randomly. This leads to a smooth,
not periodically corrugated surface. In this case, neither in the height, nor in
the material properties a D-band structure is visible. Fig. 6.19b shows the case
of a smectic liquid crystalline tropocollagen arrangement. Here, the number of
overlapping tropocollagens is eight or ten, alternating with a 67 nm repeating
unit. One gap or overlap between two individual tropocollagens might not be
resolved with AFM, but in case of a smectic liquid crystal a large number of
gaps and overlaps are aligned. The periodic changes of the surface and material
properties visible in the AFM images are considered as the sum of many gaps
and overlaps which leads to a reasonable contrast in height and phase in the
AFM measurements. This is the standard model explaining the contrast in AFM
images of collagen fibrils [145,153].
Our MUSIC-mode AFM results for Fibril 1 (Figs. 6.7 - 6.9) show that this
fibril was already in the smectic phase in the initial state, which is considered
to be the final configuration during self-assembly of type I collagen. Therefore,
it did not undergo structural changes during swelling. The presence of water
during swelling enabled further self-assembly of Fibrils 2 (Figs. 6.11 - 6.13)
and 3 (Figs. 6.15 - 6.17). Here, the fibrils did not or only very weakly show
a periodic structure in the initial state, whereas in the swollen state and after
drying the typical D-band structure of type I collagen appeared. This points
towards a phase transition from a nematic crystalline phase towards a smectic
liquid crystalline phase which took place during swelling in the time (≈ 21 h)
between the MUSIC-mode measurement of the initial state and the one at 78 %
RH. Due to the presence of water as a solvent, this phase transition is a lyotropic
process. The results show that once the smectic order is established, it remains
intact during drying the fibril.
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6.8 Conclusion
In this work, we investigated with MUSIC-mode atomic force microscopy how
moderate swelling in humid air (78% RH) affects fibrils of type I collagen. The
first result is that in the dry state (28% RH) the D-band structure of type I
collagen is mostly a feature of the fibril’s shape, whereas the mechanical properties
are more or less uniform with a minor variation, which can be attributed to the
periodic variation of the tropocollagen density within the fibril. During swelling,
the gap regions along the fibril’s axis gain more volume compared to the overlap
region. Due to this asymmetric swelling behavior, the undulation of the shape
is less distinct in the moderately swollen state, whereas the D-band structure
becomes a feature of the material contrast with a softer gap and a stiffer overlap
region. We attribute this to the periodic distribution and overall density of
different types of hydrogen bonds along the tropocollagens. The procedure of
moderate swelling and drying the sample leads to reversible changes of a fibril
that exhibited a distinct D-band structure in the initial state. Furthermore,
two fibrils were investigated that did not show a clear D-band structure in the
initial state. Here, the fibrils undergo a structural transition in air with elevated
humidity, resulting in a visible 67 nm D-band structure during and after swelling.
Our interpretation is that a lyotropic phase transition from a nematic liquid
crystal to a smectic liquid crystalline phase takes place, and the fibril remains in
this state after drying.
The experiment enabled for an insight into the self-assembly process of in-
dividual collagen fibrils during moderate swelling. The measurements in air
with controlled humidity close the gap in experiments, which only focus on the
comparison of collagen fibrils dried by heating and collagen fibrils hydrated in
water. Further experiments can be performed, on one hand to take a look at
the self-assembly process itself, maybe beginning in an early stage of dissolved
tropocollagen [154], and on the other hand with consciously damaged fibrils to
focus on structural self-healing processes. For this purpose, an improved setup
that enables for a RH close as possible to 100% and a controlled temperature
would be favorable.
For the presented kind of experiment, MUSIC-mode AFM turned out to
be the best available AFM-based tool. It allows for the non-destructive and
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quantitative imaging of very soft and fluid specimens. The transition of features
in the AFM height images towards features in the AFM phase images can be
measured, discriminated and discussed in detail. In common IC-mode, the so
called cross-talk between surface topography and material properties constrains
a straightforward interpretation of the microscopy results.
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The goal of this thesis was to develop and demonstrate new modes of operation
for atomic force microscopy. With “subsurface AFM”, a powerful tool has been
introduced which enables AFM to image non-destructively the top layer of soft
samples in 3D with unprecedented depth resolution. Results for block copolymer
microdomain structures show the capabilities of subsurface AFM compared
to other approaches like nanotomography [24] and the potential of combining
both methods. Depth profiling of P3HT films, a common polymer in organic
photovoltaics, revealed amorphous surface layers that can be quantitatively
analyzed with subsurface AFM. With “MUSIC-mode” AFM, a new mode related
to IC-mode AFM has been developed and demonstrated. It overcomes most of
the weaknesses of IC-mode AFM and allows to draw very detailed conclusions
on the properties of a sample from only one measurement run. Results were
shown for very fragile supramolecular aggregates of oligotiophene derivatives.
Unperturbed height images and phase images exhibiting very low noise and high
contrast could be obtained. These data enabled a detailed proposal for the inner
structure of the aggregates. In a second example, MUSIC-mode AFM was used
to image self-assembled fibrils of type I collagen, extracted from bovine hide, in
the dry and moderately swollen state. A very detailed insight into the swelling
process was possible and a phase transition in the liquid crystalline ordering
within individual collagen fibrils was observed.
On the basis of these promising results, there is much room for new research
directions in the area of soft matter science and for further improvements of
the method. First of all, the imaging speed should be increased to enable
images with higher resolutions (more pixels) on the one hand and on the other
hand subsurface and MUSIC-mode measurements that only take a few minutes.
Although modern AFM hardware is already able to measure APD curves at
rates in the Hz range, a lot of effort has to be put into further research on
the tip-sample interaction. Due to the viscoelastic processes in the samples,
the results are expected to depend on the cantilever frequency and the APD
measurement speed. Furthermore, a new data acquisition protocol is necessary,
if the APD imaging rate gets close to the relaxation time of the imprints.
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Another expedient enhancement is the implementation of multifrequency
excitation of the cantilever during APD recording. Recent works have shown
that the simultaneous excitation of the first and second eigenmode of the AFM
cantilever results in a higher sensitivity and resolution of the system [57,155–157].
With bimodal excitation of the cantilever, it is also possible to keep the oscillation
of the first mode in resonance. This may be a way to handle strong attractive
interactions between the tip and the sample that hinder a proper application of
subsurface AFM to materials exhibiting strong attractive tip-sample interactions.
The combination of subsurface AFM and nanotomography [24] is also a
promising approach for future research. High-resolution subsurface AFM is
limited to the top layer of the surface, whereas nanotomography is a layer
by layer method with a depth-resolution limited by the thickness of ablated
layers. Combining both methods, large and very detailed volume images of soft
specimens could be obtained.
In summary, subsurface AFM and MUSIC-mode AFM have been proven to
be working and helpful concepts for the scanning probe community and it will
be interesting to look for upcoming improvements and applications of these new
approaches.
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